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In the past few decades, rapid agriculturalization and urbanization have
caused a massive increase in sediment concentrations within streams all over
the world. This represents a potential threat to aquatic organisms. Imprudent
deposition of sediments affects the stream biota by bringing about a change in the
substratum conditions, affecting the spawning grounds for aquatic fauna. The
lack of spawning grounds affects the life cycle and spawning activity of fishes.
Brown trout, a species of salmonid native to Europe, has been introduced
around the world from the late 1860’s. Brown trout have very specific requirements
for spawning and early life history. The life cycle of brown trout requires
cold, fast flowing streams, with abundant coarse gravel, in which they deposit
large eggs. In catchments with extensive agricultural or urban development,
fine sediment loads can increase considerably, smothering and filling interstitial
spaces between coarse substrates. This prevents hyporheic (surface-subsurface)
exchange of water, resulting in deoxygenation of the habitat in which the eggs
develop. Large trout migrate from lower river reaches and the sea to the middle
reaches of rivers for spawning. Excessive sedimentation could potentially render
these sites along these middle reaches unsuitable for trout spawning, preventing
migratory trout from spawning. My aim was to examine the physical and
chemical quality of hyporheic habitat in streams affected by agricultural runoff
and human activities with the aim of determining their suitability for trout
spawning. I attempted to assess deposited sediments and hyporheic water exchange
using the quorer technique and the minipiezometer respectively, at the sites
along the middle reaches of rivers known to be used by migratory trout. Based
on my results, I was unable to determine whether sedimentation was limiting
the area available for trout spawning. In a subsequent experiment related to
egg survival and mortality, I was unable to demonstrate measurable impacts on
ii
egg survival in relation to various physiochemical variables including dissolved
oxygen, conductivity, vertical hydraulic gradient and sediment. I discuss challenges
for assessing the impact of sedimentation on trout spawning, and suggest future
strategies for addressing these challenges.
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1.1 Anthropogenic stressors in aquatic ecosystems
Urbanization and the intensification of agricultural activities during the last few
decades have increased sediment addition to streams worldwide and represent
a potential threat to aquatic organisms (Ramezani et al., 2016). Changes in
land use related to agriculture and urbanisation, frequently cause degradation,
fragmentation and destruction of freshwater habitats, and are increasingly also
reducing ecosystem capacity to provide vital services such as clean water and
habitat for aquatic organisms (Sala et al., 2000; Foley et al., 2005). Global
biodiversity is declining rapidly in a wide range of ecosystems related to land
use conversion and other anthropogenic activities (Pimm et al., 1995; Sala et al.,
2000), including freshwater systems (Closs et al., 2016). A review by Allan
(2004) concluded that human transformations of land cover and land use to
non natural uses are the most critical drivers of the ongoing loss of biodiversity
and ecosystem services in freshwater systems. Activities such as deforestation,
urban settlement, introduction of exotic species and conversion of land to pasture
or croplands all can negatively affect ecosystem biodiversity (Scrimgeour and
Kendall, 2003; Allan, 2004).
Among the known threats to global freshwater biodiversity, the loss and
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degradation of habitat, climate change, water pollution and withdrawal, unsustainable
use of land have been identified as the most pressing concerns among ecologists
(Sala et al., 2000; Dudgeon et al., 2006; Ramezani et al., 2016). Aquatic habitats
are particularly sensitive and are often more threatened by human activities
when compared to terrestrial ecosystems due to the connected dendritic networks
they form across the landscape (Jenkins, 2003; Ramezani et al., 2014; Closs
et al., 2016). Over the past 30 years, freshwater biodiversity has decreased
more rapidly than marine and terrestrial biodiversity (Vörösmarty et al., 2010;
Ramezani et al., 2014). For example, in North America it has been estimated
that the rate of freshwater biodiversity decline is five times faster than that of
the terrestrial fauna (Revenga et al., 2005). Physical alteration of habitat has
been the key factor leading to extinction of North American fish species during
the 20th century (Allan and Flecker, 1993; Ramezani et al., 2014). Land use
intensification can degrade aquatic ecosystems by influencing both physiochemical
parameters and biota (Soulsby et al., 2001; Greig et al., 2005; Ormerod et al.,
2010). In farmland streams, water quality often declines as a result of agriculture
via runoff-related inputs of pesticides, nutrients and fine sediment (Jergentz
et al., 2005; Matthaei et al., 2006; Magbanua et al., 2010). Increase in water
temperature, driven by an interaction between water abstraction for irrigation
combined and the removal of shading from riparian vegetation may also impact
fauna severely (Rutherford et al., 2004; Leprieur et al., 2006; Piggott et al., 2012;
Ramezani et al., 2014).
Numerous studies have documented a decline in water quality, habitat and
diversity of biological assemblages as the extent of agricultural land increases
within catchments (Matthaei et al., 2006; Lange et al., 2014; Ramezani et al.,
2014 2016). From these studies, it has been shown that multiple stressors impact
the functioning of aquatic ecosystem. A stressor can be defined as a variable that,
as a result of human activity, exceeds its range of normal variation and adversely
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affects plant or animal taxa or community composition (Matthaei et al., 2006
2010; Ramezani et al., 2014). Deposited fine sediment and dissolved nutrients
have been recognized as two key agricultural stressors for stream ecosystems
(Waters, 1995; Matthaei et al., 2006; Townsend et al., 2008; Ramezani et al.,
2014). Nutrient enrichment in running waters is primarily related to increasing
levels of dissolved nitrogen, phosphorus and dissolved carbon (Bramley and Roth,
2002; Huryn et al., 2002). Many studies have concluded that nutrient inputs
from agriculture and other anthropogenic sources can have major negative effects
on stream ecosystems, including causing significant ecological problems (Bernot
et al., 2006; Matthaei et al., 2006 2010; Liess et al., 2012; Ramezani et al.,
2014 2016). For example, nutrient enrichment can lead to the loss of certain
sensitive invertebrate species (Evans-White et al., 2009; Yuan, 2010), and bring
about significant changes in the relative composition of invertebrate communities
(Niyogi et al., 2003; Allan, 2004).
The input of fine sediments into a stream is a natural phenomenon (Matthaei
et al., 2006; Ramezani et al., 2014), but excessive inputs can have profoundly
negative impacts on stream biota (Magbanua et al., 2013). Fine sediments are
generally defined as organic/inorganic particles less than 2 mm in diameter
(Ramezani et al., 2014). Under natural conditions, a certain amount of fine
sediment is delivered to a stream from its catchment, and running water biota
are adapted to these natural background processes (Owens et al., 2005; Yarnell
et al., 2006). However, sediment inputs to streams can increase substantially
due to anthropogenic activities within a river catchment, and this mobilized fine
sediment can act as a stressor (Collins et al., 2011) negatively affecting stream
organisms and degrading aquatic habitat conditions (Waters, 1995; Wood and
Armitage, 1997). For example, the deposition of excessive fine sediments in
the streambed reduces interstitial space amongst substrates and available food
for macroinvertebrates, often resulting in decline in the species richness of the
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invertebrate community and the densities of sediment-intolerant taxa such as
mayflies, stoneflies and caddisflies (Matthaei et al., 2006; Larsen and Ormerod,
2010; Burdon et al., 2013; Ramezani et al., 2014). Furthermore, in-stream
sedimentation can increase the propensity of benthic invertebrates to enter the
drift, which can be interpreted as a behavioral response aimed at getting away
from unfavorable habitat conditions (Shaw and Richardson, 2001; Suren and
Jowett, 2001; Molinos and Donohue, 2009).
1.1.1 Anthropogenic impacts on fish
Human activities such as land use change leading to loss of suitable habitat or
ecosystem degradation, over-exploitation of fisheries and introduction of invasive
species have been associated with adverse effects on populations and communities
of freshwater fish, including those in running waters (Reynolds et al., 2005;
McDowall, 2006; Ramezani et al., 2014). For example, land-use induced changes
to stream physicochemistry and macroinvertebrate communities have resulted in
reduced total fish density, declines in native fish density, and the extinction of a
number of species (Matthaei et al., 2006; Strayer, 2010; Turak and Linke, 2011;
Ramezani et al., 2014). Habitat degradation has been identified as one of the
crucial factors resulting from human activities that threaten salmonids (Frissell,
1993; Slaney et al., 1996; Maceda-Veiga, 2013; Ramezani et al., 2014). The
findings of many studies indicate that excessive in-stream fine sediment loads,
due to anthropogenic disturbance of catchment processes, negatively impact
salmonid habitat (Newcombe and MacDonald, 1991; Greig et al., 2005; Soulsby
et al., 2001; Conallin, 2004). Fine sediment deposition in streams has been
recognized as a critical reason for declining rates of survival of salmonid eggs
and larvae in spawning redds (Greig et al., 2007a). The most likely mechanism
behind this decline is the clogging of interstitial space between substrate particles
in the redds, thus preventing continuous exchange of dissolved oxygen between
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the well-oxygenated surface waters and hyporheic water amongst the stream
substrates, thus suffocating eggs and larvae (Walling and Amos, 1999). Fine
sediments may also reduces the proportion of larvae achieving emergence by
creating an impenetrable surface barrier, ‘sealing’ larvae into the spawning redd
(Greig et al., 2007b).
1.1.2 Land use intensification
Over the last few decades, agricultural land use practices have intensified in
many regions of New Zealand (MacLeod and Moller, 2006). This intensification
has included the conversion of sheep/ beef farming to higher-intensity farming
systems, such as dairy and deer, often resulting in higher stock densities and
greater inputs of fertilizers and pesticides to agricultural ecosystems (Smith and
Monaghan, 2003). Dairy farming, associated with inappropriate management
practices, have been identified as a significant contributor to serious environmental
problems across New Zealand, including surface and groundwater pollution, soil
pollution and erosion, native biodiversity loss, deforestation of native lowland
forests, increases in greenhouse gas emissions, and damage to wetlands (Clark
et al., 2007; Collins et al., 2007; Flemmer and Flemmer, 2008; Moller et al., 2008).
Land use alteration from pastoral sheep/beef farming to more intensive dairy and
deer farming, has also resulted in increased fine sediment and nutrient inputs to
New Zealand’s streams and rivers (Monaghan and Smith, 2004; Matthaei et al.,
2006; Townsend et al., 2008; Liess et al., 2012; Ramezani et al., 2014 2016). Many
studies have revealed the impacts of these two agricultural stressors effects on
in-stream physiochemical and biological conditions (Matthaei et al., 2006 2010;
Ramezani et al., 2014 2016). For instance, Matthaei et al. (2006) observed higher
levels of deposited fine sediment cover on the bed of streams surrounded by
dairy or deer farms than in streams surrounded by native tussock grasslands or
sheep/beef pasture. Most of the New Zealand’s native and introduced freshwater
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fish species are predominantly insectivorous and feed on stream benthic invertebrates
(Sagar and Eldon, 1983; McDowall, 1990), and these invertebrates play an important
role in fish feeding and growth (Redding et al., 1987). Therefore changes in the
community composition of food resources can affect fish abundance and habitat
conditions (Kemp et al., 2011).
1.2 Impact of sedimentation on hyporheic flow and physicochemical
processes
Excessive sedimentation can have major environmental effects on the entire
stream ecosystems, including effects on the physical and biogeochemical processes
within the hyporheic zone (Nogaro et al., 2007 2010). The sub-surface hyporheic
zone is an integral part of the stream ecosystem and functions as an interface
between aquifer (sub-surface) and surface water (Nogaro et al., 2007). This
interface between surface and groundwater plays a key role in the hydrology,
material cycling and energy flow in lotic ecosystems (Boulton et al., 1998).
Many important catchment biogeochemical processes have been shown to occur
intensively in the hyporheic zone of streams, including respiration (Pusch, 1996),
nitirification (Jones Jr et al., 1995), denitrification (Holmes et al., 1996) and
methanogenesis (Jones et al., 1995).
The clogging of stream bed sediments, effectively reducing the exchange of
water through the hyporheic zone, is caused by the deposition, accumulation and
infiltration of fine sediments, and is a major environmental concern throughout
the world (Waters, 1995; Nogaro et al., 2010). Large inputs of fine sediment into
streams and rivers can reduce the sediment permeability and lead to the physical
clogging of the interstitial space in the hyporheic zone (Schälchli, 1992). Clogging
reduces the habitat availability for aquatic invertebrates and fish larvae, alters
surface-groundwater interactions and modifies biogeochemical conditions in the
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hyporheic zone (Hancock, 2002; Rehg et al., 2005). By reducing permeability
(Schälchli, 1992) and porosity(Gayraud and Philippe, 2003), clogging may greatly
modify dissolved oxygen (DO) supply and gas-exchange dynamics within hyporheic
zone. As a result, oxidative processes such as respiration and nitrification may
be reduced in favor of anoxic processes (Boulton et al., 1998; Nogaro et al.,
2010). Boulton et al. (1998) predicted that sediment clogging, due to fine particle
deposition could induce intense bacterial activity lowering oxygen availability in
the hyporheic zone and thereby decreasing aerobic microbial processes (respiration,
nitrification), and enhancing anaerobic processes such as fermentation, methanogenesis
and denitrification.
1.3 Ecosystem impacts of fine sediments on fish
Suspended sediments elicit short-term and long-term responses from the aquatic
biota depending on the quality, quantity and duration of the suspended sediment
exposure (Fleming et al., 2005). Increased sedimentation can cause increased
turbidity, which then reduces light transmission through the water and decreases
photosynthesis by aquatic plants, potentially affecting dissolved oxygen levels
(Berry et al., 2003). Effects of turbidity on water quality may also have negative
effects on fishes such as disrupting migration and spawning, movement, growth
and development (Coen, 1995). Excessive deposited fine sediment can change
stream substrata and thereby affect the spawning grounds for aquatic animals
(Kemp et al., 2011). Due to lack of spawning grounds, fish spawning activity
and thus life cycles are affected.
The effects of fine sediment suspension and deposition on fish are better
documented than for other organisms. Fine sediments can adversely affect the
fish by bringing about physiological and behavioral changes, and also by:
1. Adversely acting on the fish swimming in the water and either reducing
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their rate of growth, reducing their tolerance to disease or killing them;
Lethal concentrations primarily kill by clogging gill rakers and gill filaments
(Bruton, 1985; Wood and Armitage, 1997).
2. Reducing the suitability of spawning habitat and hindering the development
of fish eggs, larvae and juveniles; all of these stages appear to be more
susceptible to suspended solids than adult fish (Moring, 1982; Chapman,
1988; Wood and Armitage, 1997).
3. Modifying the natural migration patterns of fish (Alabaster and Lloyd,
1982).
4. Reducing the abundance of food available to fish due to a reduction in
light penetration and as a result photosynthesis, primary production, and
a reduction of habitat available for insectivore prey items (Gray and Ward,
1982; Bruton, 1985; Doeg and Koehn, 1994; Wood and Armitage, 1997).
5. Affecting the efficiency of hunting, particularly in the case of visual feeders
(Bruton, 1985; Ryan, 1991; Wood and Armitage, 1997).
A conceptual model of the impacts of suspended sediments on fish is presented
below (Fig. 1.1).
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Figure 1.1: Conceptual model of the effects of suspended sediments on fish
(adapted from Kjelland et al. (2015)).
1.4 Study species
Brown trout (Salmo trutta L.) is a native of Europe and was spread globally for
the purpose of sport-fishing during the 19/20th century (Elliott, 1994). In New
Zealand, brown trout were introduced to the South Island in 1867 and to the
North Island by 1870 (Ramezani et al., 2014; McDowall, 1990). The brown trout
is the most widespread and common of all freshwater fish species introduced to
New Zealand (Hayes and Hill, 2005). This species is now present throughout
most of the country’s rivers and lakes provided that its key habitat requirements
are met (McDowall, 1990; McIntosh, 2000; Leprieur et al., 2006; Ramezani et al.,
2014). Brown trout fishery in New Zealand is considered to have high recreational
and cultural importance (Jones and Closs, 2017). It is estimated that 6% of
New Zealanders participate in freshwater fishing, the mainstay of which is the
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brown trout fishery (Joy and Atkinson, 2012; Jones and Closs, 2017). Brown
trout fishing is an important component of New Zealand’s tourism industry,
attracting fishermen worldwide, and contributing substantial economic benefits
to many rural areas (Joy and Atkinson, 2012; Jones and Closs, 2017).
Recent assessment of New Zealand’s freshwater flora and fauna concluded
that New Zealand has ‘one of the most endangered habitats in the world’ (Freshwater
Fish Specialist Group, 2012). In one recent study, Ramezani et al. (2016) found
no trout in streams where dairy farms covered more than 50% of the catchment.
The drivers of fish biodiversity declines in many studies have been found to be
due to habitat effects, including increasing in-stream levels of dissolved nutrients,
deposited fine sediment, increasing macrophyte cover and water temperature and
decreasing water velocity with agricultural intensification (Harding et al., 1999;
Ramezani et al., 2016; Julian et al., 2017; Lee et al., 2017; Joy et al., 2019).
Brown trout exhibit an exceptional degree of life history plasticity which
facilitates their colonization of a wide range of habitats (Budy et al., 2013).
Their facultative migratory behavior allows them to adapt to, and dominate
in a wide variety of freshwater systems (Elliott, 1994). Four types of lifecycles
have been identified in brown trout: One where they remain resident in their
natal stream for their whole lifecycle. Second, after the 1st year, the juveniles
migrate to the parent river and adults do not return until just before spawning.
Third, similar to the second type except that the migrations are to and from an
estuary or the sea (Elliott, 1994). Generally, the resident trout are seen in the
headwaters and are smaller in size, measuring about 25 cm, relative to migratory
fishes which are larger in size measuring about up to 75 cm and migrate to the
middle reaches of rivers for spawning (Jonsson, 1981; Jonsson and Jonsson, 2006
2011).
Trout generally spawn from the mid to upper reaches of rivers (Elliott, 1994).
However, fish dispersing downstream to lower reaches of rivers face the challenge
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of migrating back upstream to spawn, hence may be prevented from accessing the
headwater streams, and hence spawning is often restricted to the middle reaches
(Conallin, 2004). Those middle reaches are the most vulnerable to impacts
from sedimentation (Fig. 1.2). Resident brown trout are mostly seen in the head
Figure 1.2: Conceptual model of the effects of the sediment deposition on the
spawning habitat of brown trout in the middle reaches. Grey small arrows
indicate the movement of small resident brown trout and the large green
arrows indicate the movement of large migratory trout. Red line indicates the
distribution of spawning habitat along a stream and the orange lines indicate
the sediment deposited from agricultural runoff and urbanization. Black lines
show the unavailability of spawning in the middle reaches of the stream due to
deposition of sediment in the interstitial gravel spaces.
waters of the stream and usually spawn in the headwaters whereas the migratory
brown trout migrate from estuaries/seas to middle reaches of the stream for
spawning (Jonsson, 1981; Jonsson and Jonsson, 2011). Increased sedimentation
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due to intensive agriculture, dairy farming and urbanization generally affects long
stretches of streams and typically most severely the middle reaches of the stream,
thereby affecting the spawning grounds for the large migratory fish (Ramezani
et al., 2014; Matthaei et al., 2006 2010; Ramezani et al., 2016) (Fig. 1.2). In
New Zealand, deposition of fine sediments from agricultural lands and grazing
fields might be affecting the availability of spawning grounds for the migratory
trout.
1.5 Spawning habitat
Brown trout spawn in tributaries of mainstream rivers and small streams, spawning
in shallower and less swift waters (Elliott, 1994). They spawn during the autumn
and winter months (Elliott, 1994; Jonsson and Jonsson, 2011). Brown trout
usually do not spawn in areas of streams with uniform substrate particle size,
preferring to deposit their eggs among gravels and pebbles with some occasional
cobble and larger stones in between (Elliott, 1994; Jonsson and Jonsson, 2011).
Brown trout usually produce a relatively small quantity of large eggs: 1600-1800
per kg female on average (Bardonnet and Baglinière, 2000; Armstrong et al.,
2003). Each female deposits her eggs in a series of nests, which when aggregated
form a redd (Fleming, 1998). The survival of embryos, which develop through
winter and into spring, depends on the location of the redd (Bardonnet and
Baglinière, 2000). Females typically place their redds where there is a distinct
water-flow through the substratum. Water velocity plays a major role in the
selection of the spawning habitat (Armstrong et al., 2003). It has been suggested
that salmonids select water velocities for spawning as a surrogate for substrate,
which ultimately determines reproductive success (Shirvell and Dungey, 1983).
During the construction of a redd, females dig a depression in the gravel with
their bodies, testing the depth of the depression by lowering their anal fin into
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the nest. This behavior may allow them to assess the flow of water through the
gravel (Crisp, 1993).
Salmonids usually bury their eggs 10-40 cm deep to protect them from
predators, light and high water velocity, which may result in mortality by dislodging
eggs and subjecting them to mechanical shock (Wood and Armitage, 1997;
Bardonnet and Baglinière, 2000). Shirvell and Dungey (1983) have observed
that the mean depth of redds used by trout spawning in a number of rivers in
New Zealand to be 31.7 cm (in the range 6-82 cm). In field experiments by
Witzel and Maccrimmon (1983) and Crisp and Carling (1989), brown trout eggs
have been found deep in redds at 14 cm and 15.2 cm respectively. The depth
at which eggs are buried influences their rate of development (due to effects on
temperature) and the likelihood of loss due to washout, asphyxiation or exposure
during low flows (Crisp, 1996).
Patterns of water flow above the redd is a critical factor determining selection
of the location for the placement of redds. Shirvell and Dungey (1983) observed
the mean water velocity above brown trout redds was 39.4 cm/s within a range
15-75 cm/s. The ideal spawning site has been described as the tail end of a
pool as it merges into a riffle (Stuart, 1953; Chapman, 1988; Lapointe et al.,
2004) which usually represents down-welling areas where there is movement of
surface water into the hyporheic zone (Bjornn and Reiser, 1991). At the riffle
crest, the water flow is swift and laminar, and often the flow is forced downwards
into the gravels, owing to the sudden increase in down gradient caused by the
riffle downstream (Lapointe et al., 2004). The change in water gradient forces
oxygenated surface water into the redds (Kondolf, 2000). Within the redd, the
flow of water to buried eggs, carrying oxygen and removing wastes, is driven by
a hydrodynamic forces within and around the redd (Bjornn and Reiser, 1991).
Factors that affect reproductive success and survival of salmonids include
structural habitat features (eg. substratum, temperature and cover), intra and
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inter specific competition, hydrological characteristics (eg. flow and substratum),
foraging and spawning opportunities (Diana, 2003; Klemetsen et al., 2003).
The total area and distribution of suitable spawning gravel is of fundamental
importance in determining the productivity of a river and may limit salmonid
populations in many streams (Kondolf et al., 1993). The range of substrate
sizes used by brown trout are broadly in the gravel range 8-128 mm (Chapman,
1988; Shirvell and Dungey, 1983; Elliott, 1994). Larger fish can excavate heavier
particles, can hold position in stronger currents and, therefore can construct
redds and spawn in larger gravels (Kondolf et al., 1993; Crisp, 1993; Armstrong
et al., 2003). In general, fish can spawn in gravels with a median diameter up to
about 10% of their body length (Kondolf et al., 1993). Substrate used by brown
trout during spawning was the most consistent and the most physically stable
of a range of factors considered by Shirvell and Dungey (1983).
A high proportion of fines in spawning substrate can have deleterious effect
on the incubation of salmonid embryos and hence their survival to emergence
(Chapman, 1988). According to O’Connor and Andrew (1998), spawning gravel
has been considered to be of poor quality if it contains > 8% fine sand (0.03-0.05
mm) or > 15% fines. Female salmonids clean the gravel when cutting redds
(Shirvell and Dungey, 1983; Peterson and Metcalfe, 1981; Crisp and Carling,
1989; Armstrong et al., 2003). The process of cutting is to loosen gravels, and
to increase porosity and the potential rate of intra-gravel water flow. A good
supply of dissolved oxygen in water within redds is essential for the survival of
alevins to emergence (Chapman, 1988). A significant oxygen deficit can result
in reduced growth, reduced efficiency of yolk conversion, premature hatching,
reduced size at hatching and changes in the morphology of salmonids (Crisp,
1996; Armstrong et al., 2003; Louhi et al., 2008). High oxygen concentrations
are required for the development and survival of brown trout alevins (Eklöv
et al., 1999; Armstrong et al., 2003). Witzel and Maccrimmon (1983) surveyed
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brown trout redds recording oxygen concentrations > 83% saturation.
Abiotic factors such as temperature and pH play an important role in the life
history and spawning of brown trout. Optimum temperature for the survival of
the adult fishes is found to be from 50C to 250C whereas for the eggs and the
newly emerged fry to survive the optimum temperature is found to be 30C to
130C (Fig. 1.3).
Figure 1.3: Effect of temperature on spawning and life history (adapted from
Elliott (1994)).
From the Fig 1.3, we can depict that eggs need a narrow range of temperature
for their survival while the adults can survive a much greater range of conditions
(Wallace and Heggberget, 1988; Elliott, 1994; Jonsson and Jonsson, 2011). The
water temperature requirements for embryonic development are more stringent
than the range tolerated by adults and high water temperatures are deleterious to
the survival of embryos (Chapman, 1988; Elliott, 1994; Crisp, 1993). Temperature
also has an important influence on the spawning success of salmonids, directly
affecting egg survival and the rate at which alevins develop (Crisp, 1993 1996).
Witzel and Maccrimmon (1983) observed that the temperature within redds
at a substrate depth of 20 cm was 1.90C warmer than that at the surface.
Temperature has a major influence on the survival of eggs to the hatching
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stage. Fine sediment addition from agriculture/urbanization fills the interstitial
pores and decreases substrate permeability consequently changing the dynamics
within the redd by increasing temperature, thereby causing mortality of the eggs
(Kondolf, 2000; Julien and Bergeron, 2006). Thus, movement of water through
the redds plays a crucial role in the successful incubation of eggs and emergence
of fry (Crisp, 2000; Armstrong et al., 2003; Louhi et al., 2008).
1.6 Study aims
Brown trout, along with a number of other species of stream fish, are declining
in New Zealand, and although the precise mechanisms causing the decline are
poorly known, the impact of increasing levels of fine sediment into streams is
likely to be a contributing factor (Joy et al., 2019). As per my review of the
literature, the effects of fine sediment on stream invertebrates and hyporheic
flow have been well documented, (Greig et al., 2005; Matthaei et al., 2006
2010; Nogaro et al., 2010; Piggott et al., 2012; Ramezani et al., 2014 2016).
These studies examined the effects of fine sediment addition and removal on
stream invertebrates, hyporheic flow in detail and the effects on fish survival in
general. Their results suggest that the addition of sediments has a severe impact
on the stream invertebrates, and the availability of food resources for brown
trout. However, there is no current research that has examined the effects of fine
sediment addition on brown trout egg survival and spawning habitat availability
in New Zealand, which has implications for the recruitment of juvenile fish. There
is a need to understand the relationship between fine sediment and its effect on
brown trout spawning and egg survival as it might be contributing to the decline
in brown trout populations across New Zealand (Matthaei et al., 2006; Ramezani
et al., 2014; Joy et al., 2019). There has been very little research focused on
the hyporheic flow conditions, spawning habitat availability and egg survival in
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brown trout. Most of the studies in New Zealand have focused on the impacts
of fine sediment addition (Rehg et al., 2005) and didymo cover (Bickel and
Closs, 2008) on the hyporheic flow - the first study indicated that increasing fine
sediment loads could have severe impacts on hyporheic exchange and associated
ecological processes within the streams, whereas Bickel and Closs (2008) suggest
that didymo cover might have an influence on the groundwater-surface water
exchange and potentially the survival of brown trout within the redds.
To investigate whether sedimentation has a role in spawning habitat availability
and egg survival in brown trout, my study aimed to measure the deposited fine
sediments within the hyporheic zone (Naden et al., 2016; Ramezani et al., 2016).
I also aimed to examine the impact of changes on the physical and chemical
hyporheic habitat quality and quantified hyporheic water exchange (Bickel and
Closs, 2008). Later, I assessed the impact of fine sediment deposition on egg
survival and mortality by performing an egg translocation experiment. The
overall objectives of the study were to: 1) Determine the role of sediments in the
availability of spawning grounds for brown trout. 2) Investigate if sedimentation
had an impact on egg survival and mortality.
1.7 Study area
The study sites which were located in river catchments and streams impacted
by agriculture, where there are potentially major sources of sediment addition
into the streams. Run off from agricultural sites can generate inputs of fine
sediment and alter nutrient dynamics and hyporheic flow within the stream
thereby affecting the stream biota (Ramezani et al., 2014 2016). I focused on
streams located relatively close to each other within Pomahaka river catchment
and one particular stream (Silverstream) in Taieri river catchment to reduce
the confounding influence of regional background variation compared to surveys
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conducted across multiple large river catchments (Liess et al., 2012; Magbanua
et al., 2010). Data records (1980-2017) on spawning surveys of brown trout for
the tributaries of Clutha and Taieri were obtained from Otago Fish and Game,
South Island, New Zealand during October and November 2017. In this study,
I aimed to
i) Survey fine sediments in streams recognized as either past or present brown
trout spawning streams in Otago region, South Island, New Zealand, aiming
to determine patterns in spawning distribution and spawning habitat quality
in relation to land use.
ii) Assess brown trout egg survival in ‘artificial redds’ in stream subjected
to varying sediment loads, aiming to determine the impact of sediment
deposition on egg survival.
1.7.1 Study catchments - Pomahaka river catchment
The Pomahaka catchment is located in south-west Otago, South Island,
New Zealand. This catchment supports nine species of fish and one species of
freshwater crayfish (NIWA freshwater database; Otago Fish and Game; Otago
Regional Council report). Brown trout and rainbow trout are the two main
sports fish in the catchment, with brown trout dominating the fishery (Harding
et al., 1999). Dairy farm conversions have occurred in the middle and lower
areas of the catchment, in particular, in the areas around Tapanui and Heriot
(Otago Regional Council report). Most of these farms are in relatively low-lying
areas. At the catchment level, Backstream and Rankleburn are dominated by
forestry, Leithen Burn by agriculture and cattle grazing, while Crookston Stream,
Flodden Stream, Heriot Burn are dominated by dairy farming (Otago Regional
Council, 2008).
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The streams in the Pomahaka catchment have been selected for the study
as they have been subjected to agricultural development and intensification
(Harding et al., 1999; McDowell et al., 2011; Ramezani et al., 2014 2016; Scholes
et al., 2016), and excess fine sediment inputs to across the catchment has been
recognized as having a negative impact on ecosystem integrity (Matthaei et al.,
2006). The Pomahaka catchment support a significant brown trout fishery,
supporting populations of resident and migratory brown trout (Otago Regional
Council, 2008).
1.7.2 Taieri catchment
Taieri catchment is located in the central Otago, South Island, New Zealand.
This catchment has a long history of agricultural land use (Otago Regional
Council, 2008). Silverstream (longest stream of this catchment) provides high
quality trout spawning and nursery habitats for the river fishery along the middle
to upper reaches (Kristensen and Closs, 2008ab; Kristensen et al., 2011; Council,
2018). Silverstream has been selected as there is distinct variation in the patterns
of land use throughout the catchment and reasonably extensive spawning data
was available from Fish and Game, Otago, New Zealand. The upper reaches of
Silverstream are mostly native bush and pine forestry, whereas the lower and
middle reaches are intensively farmed (mostly dairying and cropping). Adding
to agriculture, the lower reaches receives some effluent from the urban area of
Mosgiel which could impact stream biota and water quality, with implications
for salmonid spawning.
1.8 Thesis structure
Overall, this thesis aims to advance understanding on the effects of fine sediment
on interstitial flow, spawning availability for brown trout, physicochemical variables
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and egg survival. It also provides knowledge on the interconnectedness of ecological
processes within the stream. The thesis is structured as four chapters, beginning
with this Introduction (Chapter 1). Chapter 2 presents the methodology and
results of quantifying sedimentation and physicochemical variables within the
hyporheic zone were undertaken to determine the availability of spawning grounds
for brown trout. This chapter also focuses on the Fish and Game data on
spawning across the catchments. Chapter 3 presents an experimental investigation
of brown trout egg survival in artificial redds with varying levels of sedimentation.
The overall conclusions and recommendations are presented in Chapter 4.
Chapter 2
Impact of sedimentation on
hyporheic water quality and
spawning availability for brown
trout
2.1 Abstract
Excessive fine sediment deposition in aquatic habitats is of global concern. In
relation to salmonids, the hyporheic zone plays a crucial role in the incubation
and survival of eggs. The addition and clogging of gravel beds caused by the
deposition of fine sediment particles in the stream bed can affect the availability
of spawning grounds for brown trout and reduce the hyporheic water quality
respectively. I assessed the relationship between sedimentation, hyporheic water
quality and availability of spawning habitat for brown trout in south Otago,
South Island, New Zealand. A dataset, comprising measurements of deposited
fine sediments in fourth order streams across Otago region, NZ, was analysed
in relation to other physicochemical factors (dissolved oxygen (DO), specific
conductance, vertical hydraulic gradient (VHG), total phosphorus (TP) and total
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nitrogen (TN)). In, addition, data comprising of spawning records ranging from
1980-2018 was obtained from Fish and Game, Otago, New Zealand in order
to relate them to sedimentation and spawning availability. In the laboratory,
water samples were analysed for nitrate, nitrite, phosphate, TN and TP. Fine
sediments in water samples were obtained using a filtration manifold. A principal
component analysis and regression analysis was used to understand the relationship
between variables and samples from different streams. However, a significant
relationship could not be established as the Fish and Game data and the water
samples collected were insufficient for a robust analysis. A clear depiction of
relationship between substrate conditions and the occurrence of brown trout
spawning could not be inferred due to the very limited data available.
2.2 Introduction
Natural and anthropogenic disturbances such as damming, agriculture, deforestation,
urban or rural development, construction activities and wildfires (Hancock, 2002;
Collins et al., 2010; Jones and Schilling, 2011) can cause substantial deposition of
fine sediment into streams and river beds. Excessive sedimentation in freshwater
ecosystems is attracting attention and concern among ecologists globally (Matthaei
et al., 2010). Human activities such as land use change leading to loss of suitable
habitat or ecosystem degradation, over-exploitation of fisheries and introduction
of invasive species have been associated with adverse effects on populations and
communities of freshwater fish, including those in running waters (Reynolds
et al., 2005; McDowall, 2006; Ramezani et al., 2014). For example, land-use
induced changes to stream physicochemistry and macroinvertebrate communities
have resulted in reduced total fish density, declines in native fish density, and the
extinction of a number of species (Matthaei et al., 2006; Strayer, 2010; Turak and
Linke, 2011; Ramezani et al., 2014). Habitat degradation has been identified as
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one of the crucial factors resulting from human activities that threaten salmonids
(Frissell, 1993; Slaney et al., 1996; Maceda-Veiga, 2013; Ramezani et al., 2014).
The findings of many studies indicate that excessive in-stream fine sediment
loads, due to anthropogenic disturbance of catchment processes, negatively impact
salmonid habitat (Newcombe and MacDonald, 1991; Greig et al., 2005; Soulsby
et al., 2001; Conallin, 2004). Fine sediment deposition in streams has been
recognized as a critical reason for declining rates of survival of salmonid eggs and
larvae in spawning redds (Greig et al., 2007b). The most likely mechanism behind
this decline is the clogging of interstitial space between substrate particles in
the redds, thus preventing continuous exchange of dissolved oxygen between the
well-oxygenated surface waters and hyporheic water among the stream substrates,
thus suffocating eggs and larvae (Walling and Amos, 1999). Fine sediments
may also reduce the proportion of larvae achieving emergence by creating an
impenetrable surface barrier, ‘sealing’ larvae into the redd (Greig et al., 2007a).
Increased sediment load in streams caused by agricultural practices has an
impact on the hyporheic exchange of water. The hyporheic zone is an integral
part of the stream ecosystem and functions as an interface between aquifer
(sub-surface) and surface water (Nogaro et al., 2007). The hyporheic zone
plays a crucial role in hydrological exchange, biogeochemical cycling and also
acts as a habitat for organisms (Nogaro et al., 2007; Pinay et al., 2009). The
hyporheic zone functions as a hydrological connector mediating the flow of water
between the groundwater and surface water. Biogeochemical processes such as
respiration, nitrification, denitrification, methanogenesis also occur intensively
in the hyporheic zone of the streams (Nogaro et al., 2010).
Downwelling zones play an important role in brown trout spawning (Elliott,
1994; Jonsson and Jonsson, 2011). They are zones where stream water is moving
into the saturated sediments and are usually characterized by higher concentrations
of dissolved oxygen (DO), because of the higher proportion of surface water and
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its low residence time in sediments, which promotes the development of eggs
and other microbial processes, whereas upwelling zones generally have lower
DO concentrations and enhanced anoxic reducing environments (Jones Jr et al.,
1995; Nogaro et al., 2010). Deposition of fine sediment reduces permeability
and porosity, clogging may alter dissolved oxygen supply and flow dynamics
within the hyporheic zone. Boulton et al. (1998) predicted that sediment clogging
because of fine sediment deposition lowers oxygen availability in the hyporheic
zone, affecting the stream invertebrates. According to the thermodynamic sequences,
dissolved oxygen is consumed during the mineralisation of organic matter and
nitrification of ammonium, followed by the consumption of nitrate, manganese
and iron oxides, sulfates and carbon dioxide reducing the availability of dissolved
oxygen for the survival of the eggs (Hedin et al., 1998; Baker et al., 2000).
However, the exchange of water between groundwater and surface waters is
controlled by changes in discharge over a period of time and in space by substrate
morphology (Kasahara and Wondzell, 2003; Jones et al., 2015) which modulates
the thermodynamic sequences within the stream (Malard et al., 2002). Such
changes within the stream could affect the availability of spawning habitat for
brown trout.
Hyporheic exchange is an integral component of good-quality habitat for
salmonid spawning and survival (Baxter and Hauer, 2000; Rehg et al., 2005).
Hyporheic exchange also strongly influences the large-scale transport of solutes
and fine particles, including nutrients, contaminants and both dissolved and
particulate organic matter (Jones and Mulholland, 2000; Minshall et al., 2000).
Deposition of fine sediments can modify water chemistry and also greatly reduce
hyporheic exchange (Packman and MacKay, 2003) and this can adversely impact
egg survival, trout emergence and the resident hyporheic invertebrate community.
Ramezani et al. (2014) showed that fine sediment addition had a severe impact on
the stream invertebrates and predicted it might be affecting the fish communities
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mainly trout density and condition. Matthaei et al. (2006) concluded that inputs
of fine sediment to streams from agricultural land use has the potential for
serious impacts on the quality of stream habitats. Increasing awareness of the
detrimental effects of fine sediments on streams has emphasized the need to
understand the dynamic interactions of hyporheic exchange and fine sediment
deposition. Most of the studies were focused on fine sediments affecting the
stream invertebrates and microbial processes (Matthaei et al., 2006; Nogaro
et al., 2007 2010; Matthaei et al., 2010; Ramezani et al., 2014; Jones et al., 2015;
Ramezani et al., 2016). Very few studies focused on the effects of fine sediment
on the hyporheic exchange (Bowerman et al., 2014; Naden et al., 2016). However,
the impact of sedimentation on freshwater streams remains poorly understood
and if sedimentation has a serious influence on the hyporheos, the size of that
impact needs to be studied.
The present study aims to determine the influence of sedimentation on:
i) The frequency and distribution of brown trout spawning in streams in the
Pomahaka and Taieri river catchments.
ii) The impact of sedimentation of substrates on various aspects of the hyporheic
habitat (DO, temperature, conductivity, vertical hydraulic gradient (VHG))
where salmonids spawn.
Records on spawning surveys (1980 - 2018) were also obtained from Fish and
Game, Otago, New Zealand, and were used in the selection of the streams for the
study. The study was performed along seven different streams in the southern
Otago region. Physicochemical analyses were conducted to assess relationships
with successful spawning. The objectives of this study were:
1) Assess quality of hyporheic spawning habitat associated with redds.
2) Examine past and present patterns of spawning in brown trout.
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2.3 Methods
The study was conducted at seven different sites (six streams in Pomahaka and
one stream in the Taieri river catchment), to measure the role of sediments
and hyporheic water quality in the availability of spawning grounds for brown
trout. Site selection was partly based on the spawning survey records obtained
from Fish and Game, and the sites were analyzed for sedimentation and other
physicochemical variables using quorer technique and minipiezometer respectively
(Olsen et al., 2010; Naden et al., 2016). This was done to observe if there is a
relationship between sedimentation, physicochemical variables and availability
of spawning grounds for brown trout. Further, water samples were also analyzed
for chemicals such as nitrate, nitrite, phosphorous, total nitrogen, and total
phosphorous as they might affect trout egg survival (Vitousek et al., 2002).
2.3.1 Field site and equipment
This study was conducted in six fourth-order streams (Backstream, Rankle-
burn, Flodden burn, Heriot burn, Leithen burn, Crookston burn) in the Pomahaka
river catchment and Silverstream in the Taieri river catchment in the Otago
province, New Zealand (Figs. 2.1 and 2.2). The sites were selected based on prior
records of trout spawning based on Fish and Game records, and in consultation
with Fish and Game staff, further insights into the accessibility and varying
patterns of land use in surrounding catchment were provided, which helped in
the selection of the streams. The catchments have been suffering from declining
water quality in recent years due to intensive land use induced by agriculture
and urbanization (Kristensen et al., 2011; Ramezani et al., 2016; Council, 2018).
These catchments support regionally significant trout fisheries and are important
for trout spawning (Kristensen and Closs, 2008a; Kristensen et al., 2011). The
addition of fine sediments and other chemicals may have led to a decline in the
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Figure 2.1: Map of Pomahaka river catchment showing the locations of the
sampling sites.
Figure 2.2: Map of Silverstream showing the locations of the sampling sites.
28 Chapter 2
trout and salmon fishery in these catchments (Matthaei et al., 2006; Kristensen
and Closs, 2008ab; Kristensen et al., 2011; Ramezani et al., 2014).
The collection of hyporheic and surface water samples was conducted from
mid-April to mid-May 2018, and was timed to occur just prior to the peak
period of trout spawning (May-June) (Jonsson and Jonsson, 2011). This ensured
substrate conditions at the time of sampling were closely matched to the substrate
conditions in which trout were spawning, but also avoided disturbing spawning
trout or established redds. Sediment deposition is generally greater at sites
that are impacted by agricultural and urban land uses (Matthaei et al., 2006).
I undertook a site selection survey in December 2017, choosing sites around
agricultural catchments, with samples collected in the upper and mid reaches of
each stream. However, in the case of Silverstream, samples were obtained from
upstream, middle reaches and downstream. In Silverstream, there is a variation
in land use, upper reaches were not much impacted by agriculture, whereas the
middle and lower reaches were impacted by agriculture runoff and urbanization.
Hyporheic and surface water samples were collected during periods of low
to medium flows and no samples were collected during or immediately after
peak flow events. High flow prevents observation of the substrate conditions and
also would alter the measurements (Naden et al., 2016). Minipiezometers (1200
mm long, 28 mm inside diameter) were used for the measurement of dissolved
oxygen, specific conductance, vertical hydraulic gradient within the hyporheic
zone (Bickel and Closs, 2008). The measurement of physicochemical variables
help us understand their interaction in the successful spawning and egg survival
in brown trout. Minipiezometers were placed ≈ 20 cm deep into the river bed (≈
depth of the egg pockets in the redds). A sturdy PVC cylinder (inner diameter
24 cm, height 40 cm) (quorer technique) was used in collecting deposited fine
sediments on the bed of each stream (Naden et al., 2016; Ramezani et al., 2016).
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2.3.2 Sampling techniques
2.3.2.1 Deposited fine sediment
Deposition of fine sediment within the interstitial spaces affects the hyporheic
water quality and spawning habitat for brown trout (Bowerman et al., 2014;
Ramezani et al., 2016). Therefore, deposited fine sediment in the river substrate
was measured using the quorer technique (Naden et al., 2016). Sampling was
performed at the tail end of a pool as it merges into a riffle where usually
brown trout generally build their redds (Chapman, 1988; Lapointe et al., 2004).
Deposited fine sediment was brought into suspension by continuous stirring of
the bed substrate for 60 seconds. Sediment-laden water samples were drawn into
a 50 mL vial and samples were filtered and measured in the laboratory. Samples
were placed in the vortex for 1 minute to displace the suspended solids within
the Falcon tube and immediately filtered onto a pre-weighed GF/F filter (GF-75,
pore size 0.7 µm) using a filtration manifold. In the filtration manifold, vacuum
pressure was adjusted to 18 kPa to draw water through a GF-75 (Whatmann
filter).
2.3.2.2 Minipiezometers
Minipiezometer were used to assess the hyporheic water quality (Olsen et al.,
2010) in potential trout spawning habitat at the tail ends of stream pools before
trout spawning season. At the request of Fish and Game, hyporheic water and
surface water were not sampled during spawning season to prevent the risk of
disturbing the redds created by the brown trout. The minipiezometers were used
in measuring several aspects of the quality of the hyporheic spawning habitat.
The minipiezometers were inserted into the stream bed using a metal T-bar
and sledgehammer. Once in position, the t-bar was removed, and piezometer
was left undisturbed for 10 min to allow the water level within the column to
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equilibrate (Olsen et al., 2010). After 10 min equilibration, the vertical hydraulic
gradient, DO, conductivity and temperature within the minipiezometer were
recorded using multiprobe (YSI Pro 2030).
We quantified the surface water-hyporheic water exchange by measuring the
vertical hydraulic gradient (VHG). VHG plays a crucial role in the successful
spawning of salmonid eggs (Chapman, 1988). The vertical exchange of channel
water and groundwater within a hyporheic zone can be assessed using minipiezometers
(Dahm et al., 2008). The vertical hydraulic gradient was measured at the
tail end of pools where trout generally spawn. In VHG, water level in the
piezometer is compared to the stream water level immediately outside the tube to
determine if the water level in the minipiezometer is higher than the stream stage
(groundwater upwelling into the stream) or lower (stream water downwelling
into the hyporheic zone). A positive VHG indicates upwelling and a negative
VHG indicates downwelling (Dahm et al., 2008). Brown trout usually spawn
in downwelling zones, as oxygenated surface is drawn down into the river bed
in downwelling zones allowing for successful incubation of eggs (Elliott, 1994;
Jonsson and Jonsson, 2011).
Dissolved oxygen, conductivity and temperature play a crucial role in the
functioning of the hyporheic zone and in the survival of brown trout eggs (Bowerman
et al., 2014). To measure intra-gravel water quality, the minipiezometer was
allowed to fill for 10 min. A multiprobe (YSI pro-2030) was lowered into the
minipiezometer to measure the hyporheic water quality; DO (± 0.1 mg/L),
specific conductance (± 0.1 cls/cm) and temperature in situ. To test for the
presence of hyporheic exchange of groundwater, we compared the water quality
measurements in the substrates and in the surface water. Reduced DO, and
higher specific conductance in hyporheic water relative to surface water would
suggest longer hyporheic residence times or upwelling from groundwater inputs
(Malcolm et al., 2004; Bowerman et al., 2014).
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In the laboratory, hyporheic water samples were analysed for nitrate, nitrite,
phosphorous using water drawn from inside the minipiezometer. Nitrates, nitrites
and phosphorous is a common water pollutant, and its toxicity to aquatic biota,
including trout and other fish and macroinvertebrates has been well studied
(Ausseil, 2013). Excess chemicals such as nitrite, nitrate and phosphorous from
agricultural farms within the stream can also affect the trout egg survival (Pender
and Kwak, 2002). The determination of nitrate, nitrite, phosphate and ammonia
within the water samples was analysed using calorimetric techniques. Nitrite and
nitrate were reduced to form a highly colored azo dye measured at 540 nm (Morris
and Riley, 1963; Wood et al., 1967). Phosphate was allowed to form a complex
with antimony and the blue colored complex measured at 540 nm (Murphy and
Riley, 1962). Surface water samples taken directly taken from the stream were
analysed for total nitrogen and total phosphorous. Excess quantities of TN and
TP promotes the growth of algae. Such growth of algae could have negative
impacts on the hyporheic water quality (Dodds and Welch, 2000; Vitousek
et al., 2002), thereby affecting brown trout spawning. In the total nutrient
analysis, nitrogen compounds require an alkaline medium to get oxidised whereas
oxidation of phosphorous compounds requires an acidified medium (Ebina et al.,
1983). In the simultaneous oxidation, the reaction starts at pH 9.7 and ends
at pH 5-6. These conditions are obtained by a boric acid - sodium hydroxide
system (Valderrama, 1981).
2.3.3 Past and present spawning records
To assess changing patterns of trout spawning over time, spawning records
from 1980-2018 were obtained from Otago Fish and Game. These surveys are
conducted by Fish and Game staff on a semi-regular basis, with data being
collected throughout the stretch of the stream visually by standing on the bank.
In initial discussion with Fish and Game, it was indicated that there was some
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uncertainty regarding the extent of the records, but that there was a substantial
amount of data. The same stretches of the stream were surveyed over the years
and the observed data had been noted down on a GPS instrument, but the
frequency of spawning records surveys had varied between streams. The stream
with the greatest consistency of spawning records was Silverstream whereas
spawning records for other streams were relatively inconsistent, although the
degree of inconsistency was unclear at the time of initial discussions.
2.3.4 Data analysis
Hyporheic water quality was summarized across streams using principal component
analysis (PCA). My aim was to understand the inter-relationships across the
suite of measured variables. The PCA was performed using the PRIMER 7
software. The procedure followed for obtaining the principal components was:
1) The raw data was first normalised for all the variables using the function
‘NORMALISE VARIABLES’ as a pre-treatment of the data. 2) Using the
normalised data, the PCA routine was applied and the principal components
and the graph between the components were obtained. I attempted to estimate
the percentage decrease in spawning based on the redd data obtained from Fish
and Game, Otago. This data was used in comparison with the PCA scores.
To determine any changes in decline in spawning is related to the PCA scores,
a regression analysis was done, thus allowing comparisons between changes in





Spawning records obtained from Fish and Game, Otago showed a broadly
negative trend in the number of redds over the years (Fig. 2.3), although significant
Figure 2.3: Graph representing a decline in the number of redds over the years
within the Pomahaka catchment and Taieri catchment. Years was presented on
the X-axis and number of redds on the Y-axis.
variation was noted from 2008-to-2018 in streams with sustained sampling (Silverstream).
In other streams, either spawning surveys had not been completed recently
(Leithen burn), or were too infrequent to ascertain any trends (Backstream,
Heriot burn, Crookston burn, Flodden burn). Due to the relatively limited
records, further detailed analysis of the data was impossible. Due to a misunderstanding,
only Silverstream was surveyed for spawning activity in 2018, meaning a direct
comparison between current spawning and habitat quality across multiple streams
could not be effectively completed. A regression of percentage decline in spawning
against the environmental gradient summarized by PCA axis 1 was performed
but no significant relationship was detected (Fig. 2.4 and Table 2.1).
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Table 2.1: Number of redds over the years, percentage decline in spawning
observed in different streams of Taieri and Pomahaka catchment.
Stream name Number of Redds Number of Redds % Decline in
(1980-2016) (2017-2018) spawning
Backstream 17 5 29.4
Rankleburn N/A N/A N/A
Flodden burn 76 36 47.4
Heriot burn 13 N/A N/A
Crookston burn 24 9 37.5
Leithen burn 30 6 20
Silverstream 85 39 45.9
Figure 2.4: Graph showing linear regression with PCA scores of PCA axis 1 on
X-axis and % decline in spawning on the Y-axis with plots of different streams
on the grid.
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2.4.2 Deposited fine sediment
The PCA analysis of the hyporheic water quality accounted for 63.8% of
the total variation in the first two PCA components. The principal component 1
scores were positively correlated with dissolved oxygen percentage, total nitrogen,
total phosphorus and temperature, and negatively with sediment, VHG, conductivity.
The second axis was correlated with sediment, VHG, TN, TP, conductivity and
temperature, and the third axis (17.4% of the total variation) did not provide
additional information. The first axis represents hyporheic water quality with
VHG, DO, conductivity and to a lesser extent the total phosphorous driving the
gradient, effect of sediment was not quite evident on the axis. The second axis
shows nutrient gradient within and across the stream (Table 2.2 and Table 2.3).
Table 2.2: Table showing eigenvalues, % variation, cum % variation of different
principal component scores.
Principal Component Eigen values % variation cum % variation
1 2.96 42.2 42.4
2 1.51 21.5 63.8
3 1.22 17.4 81.2
4 0.8 11.4 92.7
5 0.314 4.5 97.1
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Table 2.3: Eigen vector scores of different variables sediment concentration,
dissolved oxygen, VHG, TN, TP, conductivity and temperature.
Variable Principal component Principal component
1 2
Sediment concentration (mg/L) -0.140 0.068
Dissolved oxygen (mg/L) 0.467 -0.326
Vertical hydraulic gradient (cm) -0.480 0.192
Total nitrogen (µg/L) 0.324 0.613
Total phosphorous (µg/L) 0.411 0.265
Conductivity (µS/cm) -0.456 0.372
Temperature (oC) 0.224 0.518
2.4.3 Physicochemical variables
In stream water, all physicochemical variables (temperature, specific conductance,
DO, TN and TP) differed between rivers. Heriot and Flodden had higher TN
and TP levels in the stream water than the other streams. In contrast, Leithen








Table 2.4: Physicochemical variable readings of interstitial and stream water for different streams.
Stream name ToC
Dissolved Specific Nitrogen Phosphorous VHG Sediment
oxygen conductance (µg/L) (µg/L) (cm) concentration
(mg/L) (µS/cm) (mg/L)
Backstream
Stream water 7.7 12.86 34.1 208.86 13.75 - -
Interstitial water 8.2 8.9 106.5 23.50 2.32 +0.95 883.66
Rankleburn
Stream water 9.1 12.88 47.7 190.7 13.12 - -
Interstitial water 8.3 9.5 95.2 65.82 2.84 +1.42 720.76
Flodden burn
Stream water 11.3 11.60 75.1 921.2 11.96 - -
Interstitial water 11.2 9.0 96.9 316.8 5.65 +1.15 444.96
Heriot burn
Stream water 9.8 12.07 85.3 1062.4 40.87 - -
Interstitial water 10.2 9.31 89.4 256.9 0.47 +0.51 544.04
Crookston burn
Stream water 11.8 10.71 73.7 313.6 14.58 - -
Interstitial water 11.8 8.49 86.9 227.9 <0.5 +0.72 603.28








Table 2.4 – Continued from previous page
Stream name ToC
Dissolved Specific Nitrogen Phosphorous VHG Sediment
oxygen conductance (µg/L) (µg/L) (cm) concentration
(mg/L) (µS/cm) (mg/L)
Leithen burn
Stream water 9.0 11.93 35.2 82.84 14.75 - -
Interstitial water 9.1 10.04 44.65 18.26 0.55 +0.44 816.64
Silverstream Stream water 8.7 11.8 167.0 111.5 10.91 - -
(Upper reaches) Interstitial water 8.9 9.2 206 25.74 3.03 +1.28 664.08
Silver stream Stream water 9.8 11.4 166.4 407.6 10.76 - -
(Middle reaches) Interstitial water 9.8 9.0 178.5 79.42 <0.5 +1.47 200.64
Silverstream Stream water 10.1 11.2 173.8 507.99 14.35 - -
(Lower reaches) Interstitial water 10.4 8.6 175.8 180.18 2.59 +1.28 1140.88
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From the graph (Fig. 2.5), it can be noted that conductivity was more
Figure 2.5: Results of principal component analysis (PCA) performed on the
hyporheic water data (physicochemical and sediment concentration) from the
nine sites in the Taieri and Pomahaka river sub-catchments.
positively inclined towards Silverstream, Backstream and Rankleburn. Flodden,
Crookston and Heriot had shown more positive towards temperature (0C), phosphate
and nitrate levels than the other streams.
2.4.4 Vertical hydraulic gradient
The strength of VHG did not differ between sampling occasions and all the
study reaches were dominated by upwelling water zones (i.e., positive VHG)
(Tables 2.4 and 2.5). All sites during the survey exhibited more water moving
from the sub-surface gravels into the surface waters (upwelling) than the stream
water moving into the saturated sediments (downwelling).
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Table 2.5: VHG (Upwelling/Downwelling zone) as observed for different streams.











The data presented in this chapter provide some information on physicochemical
variables, fine sediment storage and patterns of trout spawning over several years
within the streams across the Otago region, South Island, New Zealand. It
provides a limited snapshot of the hyporheic water quality for assessment of
any future change at the sampled sites, although insufficient data was collected
to infer any relationship with deposited sediments. Previously published work
has mostly concentrated on sediment addition and removal, and their effects
on the stream invertebrates and fish community (Matthaei et al., 2006; Bickel
and Closs, 2008; Olsen et al., 2010; Ramezani et al., 2014). To my knowledge,
the study represents the first investigation of effects of sedimentation on the
potential availability of spawning grounds for brown trout across a wide gradient
of agriculture and urbanization in the sub-catchments of larger rivers. Note that,
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due to this lack of related studies focusing specifically on effects of fine sediment
addition and removal on stream invertebrates and fish community, most of the
references cited in the subsequent discussion are relevant only in a somewhat
more general context.
As with all other non-manipulative studies, my survey is correlative and
does not allow precise identification of cause and effect relationships. Further,
the data set is also too limited to draw any meaningful inference due to the
following reasons:
1. Lack of spawning surveys in 2018.
2. Only one stream (Silverstream) with a reasonably continuous time series
of spawning surveys.
3. Most streams were sampled intermittently, with few data points, and given
that some have not been surveyed recently, it is impossible to ascertain any
trend.
4. Relatively small number of sites assessed as field work was more challenging
than initially anticipated.
5. Only a single sub-surface hyporheic water sample was taken in each stream,
thus preventing any assessment of within-reach and within-stream variation.
6. Spawning habitat was surveyed before spawning to avoid disturbing spawning
trout, hence the precise measurement of actual spawning redds conditions
was not possible.
Further, I focused on multiple streams within a single river catchment from
Pomahaka river and Silverstream from Taieri catchment to reduce the confounding
influence of regional background variation compared to surveys spanning several
river catchments e.g. (Magbanua et al., 2010; Ramezani et al., 2014), and this
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approach restricted the sample size and thus statistical power to establish a
significant trend. Moreover, in the Primer analysis this limitation prevented me
from applying more complex statistical models involving interactions between
my focal predictor variables. Consequently, my findings need to be interpreted
with some caution, and the study needs to be complemented by further research
into the subject, including manipulative experiments.
From the redd survey data, a reliable trend could not be established due to
the limited data available. The data obtained from Fish and Game (F & G),
Otago, South Island, New Zealand was not consistent with respect to sampling
through time and space, and there was some uncertainty with respect to the
methodology used to survey and observer bias. There can be large uncertainty
between observer counts and actual occurrences (Dauphin et al., 2010) which
Fish and Game should strive to address during their on-going redd surveys.
There is a wealth of literature on observer counts and actual occurrences of
redds, with some show little observer uncertainty, whereas others show huge
uncertainty. For example, Dunham et al. (2001), showed that observer counts of
bull trout redds ranged between 28% and 254% of the best estimates of actual
redd numbers. Redds disappear quickly after initially observed. Approximately
70% will disappear after 30 days of initially sighted (Hassemer, 1992). Redd
occurrence is hap-hazard and can differ between weeks and years (Hassemer,
1992) (Susac and Jacobs, 1999) (Lapesa et al., 2016). Surveys should be conducted
weekly during first half of the season or when flows are variable (Hassemer, 1992)
(Susac and Jacobs, 1999). Redds often occur in clusters and could be missed
outside of surveyed area (Visser et al., 2002). There might have been large
uncertainties with the measurement and the sampling frequency, which cannot
be used to provide a convincing declining trend. For future reference, Fish and
Game need to develop standardized sampling protocols for redd surveys that
address potential sources of observer bias and sampling variation, and ensure
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relative methodological consistency in space and time.
The lower reaches of Silverstream exhibited higher concentrations of sediment
in comparison with upper and middle reaches. Stream slope and disturbance
of the stream bed are considered to be driving factors in the establishment of
stream communities (Walters et al., 2003; Matthaei et al., 2006; Olsen et al.,
2010; Sutherland et al., 2010; Relyea et al., 2012). Disturbance of stream bed by
floods, bed-moving spates, human intrusion might result in erosion or deposition
of sediments (Matthaei et al., 1999 2006). Deposition of sediment has been
found to affect the stream invertebrate communities (Matthaei et al., 2006;
Olsen et al., 2007 2010; Ramezani et al., 2014 2016), but very little is known
about its influence on the hyporheic zone. In the present study due to limited
within-reach sampling. I could not establish a relationship between fine sediment
and hyporheic water quality. Increased sampling effort to assess within-reach and
then within-stream sampling is needed, to be in positions to consider patterns
of sediment deposition across sub-catchments.
The vertical hydraulic gradient at all the sites were upwelling zones, which
was somewhat unexpected. However, given I took only one sample per site,
little can be said with respect to variation in VHG within a reach. The VHG
plays an important role in the spawning habitat availability for brown trout and
ecological functioning of the hyporheic zone. Due to urbanization and intensified
land use by agriculture might have affected the stream morphology including flow
velocity into the hyporheic zone, thus altering the stream bed topography which
might be influencing the availability of spawning grounds for brown trout (Naden
et al., 2016). There is a lot of variation in dissolved oxygen and conductivity
between stream water and interstitial water. Most streams showed lower DO and
higher conductance in the hyporheic zone when compared to the stream water.
The reduced DO concentrations and higher conductivities in the hyporheic zone
compared to the stream water might have resulted from reduced surface run-off
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and a greater influence of groundwater (Valett et al., 1996; Olsen et al., 2010).
Decrease of DO within the hyporheic zone could also be due to consumption of
oxygen by microorganisms during slow downward transit from surface water and
into the hyporheic sediments. In the hyporheic zone, fine sediment deposition can
modify water circulation and, consequently alter the functioning of the hyporheic
zone (Nogaro et al., 2007). Sediment deposition inducing severe clogging would
reduce high flow rates from surface to interstitial waters (Nogaro et al., 2010).
Consequently, the exchange of waters between surface and interstitial habitats
was restricted to slow circulation pathways leading to a sharp vertical gradient
in dissolved oxygen in the sediment.
2.6 Conclusion and recommendations
I had expected that fine sediment pollution would have negative effects on
hyporheic water quality and spawning habitat availability for brown trout. However,
unexpectedly limited spawning data from Fish and Game, and challenges in
collected new data from the field severely limited my ability to infer relationships
between deposited fine sediments and the available of trout spawning habitat. A
few studies, e.g. Ramezani et al. (2016) found that the density of brown trout, a
species that supports a regionally important recreational fishery in New Zealand,
decreased as dairy farm prevalence increased. This result agrees extensively
with Walser and Bart Jr (1999) who surveyed a river catchment in Georgia,
USA where several fish species with a similar ecology to brown trout (pool or
riffle species that use coarse substrata for spawning and/or feeding) declined in
abundance as the percentage of the surveyed tributary catchments in agriculture
increased. One reason for low trout densities in the streams dominated by dairy
farming could be that trout spawning activity in the study reaches and/or further
upstream was reduced, possibly due to elevated levels of deposited fine sediment
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covering spawning gravels and reducing egg hatching rates (Sternecker and Geist,
2010; Louhi et al., 2011; Ramezani et al., 2016) resulting in unavailability of
spawning grounds in these systems. The key finding of my study is that collecting
data that establishes relationships between spawning and sediment is actually
very difficult to do, and will takes significant commitment from management
agencies to establish reliable cause and effect relationships. Whilst this information
is challenging to collect, it is an important and a critical element in the effective
management of a fishery. Data regarding physiochemical variables, spawning
surveys should be conducted frequently which helps in reporting the actual
reason for the decline in the brown trout. Availability of such data over the
years would help Fish and Game identify, manage, restore and protect critical
spawning habitat for brown trout.
Future work should aim to assess spawning activity and hyporheic water
quality at the same time, over a period of several years. It would also be
useful to determine the water quality within the interstitial habitat on a longer
timeframe over which the spawning occurs (Walsh et al., 2001; Weijters et al.,
2009; Ramezani et al., 2016). Frequent sampling of water quality in space
and time helps in determining the effects of sediments or anthropogenic effects
on hyporheic flow and physicochemical conditions within the hyporheic zone
(Bowerman et al., 2014). Certain care should be taken while measuring the
metrics (e.g. dissolved oxygen, conductivity, temperature) as even spot measurements
will differ substantially depending on the time of day collected (Wilcock, 1986).
Further research projects could also examine if changes in brown trout spawning
are not driven by changes in climate, the adult trout population size (influenced
by habitat downstream and catch rates) or weather events affecting the stream
selection by migratory trout. Also, long term water quality data, which was a
limitation for the study, is essential for identifying trends in habitat quality.

Chapter 3
Factors influencing brown trout
(Salmo trutta L.) egg survival in
streams influenced by
agriculture, dairy farming and
urbanization
3.1 Abstract
Increasing sedimentation within streams due to anthropogenic activities can
affect the survival and fitness of brown trout eggs. The present study attempted
to assess the effects of sediment and related physicochemical conditions on brown
trout egg survival in stream sediments. The study was conducted at nine sites
in four different streams in central Otago, South Island, New Zealand. Fertilized
eggs in small mesh boxes were placed in artificial redds created at the tail end
of pools. To mimic natural spawning, the boxes were placed 15-20 cm deep
in the gravels, covered with cobbles and the eggs were left to incubate for 50
days before lifting them. Egg survival was maximum at Crookston burn (lower),
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Crookston burn (upper), Heriot burn (lower), Flodden burn (lower), mean at
Flodden burn (upper), Silverstream (upper), lowest at Silverstream (lower),
Heriot burn (upper) respectively. A linear regression analysis was performed to
see if there is any significant relationship existed between egg survival, sediment
and a number of physicochemical factors. Limitations in experimental design,
particularly within-site replication, and methodological issues limited my ability
to determine whether egg survival was related to any environmental factors.
3.2 Introduction
Throughout New Zealand there is concern for the health of salmonid populations
that support major sport fisheries (McDowall, 2006). Decline in habitat quality
is a major concern for salmonid species, in particular, the habitat used for
spawning and rearing purposes (Meehan et al., 1969; Zimmermann and Lapointe,
2005). Decline in habitat quality have been attributed to excess sediments and
nutrients entering streams (Matthaei et al., 2006). Under natural processes,
small quantities of fine sediments are delivered to the river system, and in-stream
biota are typically adapted to these conditions (Greig et al., 2005). Anthropogenic
activities and in particular intensive agriculture have increased the supply and
delivery of excess fine sediments (sand, silt and clay) from the wider catchment
to the river network (Walling and Amos, 1999; Greig et al., 2005). This increase
in fine sediments is potentially detrimental to adult fish and eggs leading to
mortality (Bowerman et al., 2014).
Salmonids lay their eggs in gravel nests called redds and are usually buried
under 10 - 40 cm of gravel (Ottaway et al., 1981; Chapman, 1988; Grost et al.,
1991; Elliott, 1994). Brown trout often spawn on bedforms with localized down-welling,
such as the transition between a pool and a riffle (Baxter and Hauer, 2000). The
process of redd cutting by fish creates pockets of eggs overlain by loose gravels
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from which the fine sediments, if originally present, will have been removed by
entrainment during the cutting process (Greig et al., 2005). The embryo-larval
development of salmonids occurs in the sub-surface gravel compartment during
winter and is considered to be the most crucial phase of its lifecycle in terms of
survival (Dumas et al., 2007; Bolliet and Bardonnet, 2017). During this period,
the risk of mortality is high due to three factors: hypoxia (Chapman, 1988;
Guerrin and Dumas, 2001ab; Roussel, 2007), human activities, in particularly
agriculture, industry, and, bed and bank alterations can generate pollution (e.g.
fine sediments, nitrate, phosphate, heavy metals and pesticides) (Casas-Mulet
et al., 2015) or destruction of redds by the mechanical action including high
velocity water during flood conditions, which can scour out the spawning redds
(Chapman, 1988; Guerrin and Dumas, 2001ab; Dumas et al., 2007). Given that
the eggs remain in the gravels for several months, these risks occur over an
extended period of time (Cocchiglia et al., 2012).
Salmonid embryo survival and fitness may be affected by numerous abiotic
factors, including the fine sediment density (Chapman, 1988; Jensen et al.,
2009; Bowerman et al., 2014), intra-gravel water flow velocities (Lapointe et al.,
2004; Sear et al., 2008; Bowerman et al., 2014), and oxygen availability within
the incubation environment (Chapman, 1988; Greig et al., 2007a; Bowerman
et al., 2014). These factors are interrelated, as fine sediment can reduce gravel
permeability, resulting in slower intra-gravel flow rates and reduced oxygen flux
through the incubation environment (Greig et al., 2007a). DO concentrations
have been identified as an important factor controlling the survival and development
of incubating eggs (Coble, 1961; Ingendahl, 2001; Malcolm et al., 2003). For
successful incubation, dissolved oxygen must be sufficient to diffuse across the
egg membrane (Cocchiglia et al., 2012). Increased fine sediment can greatly
reduce the amount of oxygen in redds and result in egg mortality (Conallin,
2004; Greig et al., 2005; Yamada and Nakamura, 2009).
50 Chapter 3
Characteristics of an individual redd location can also influence the quality of
the incubation environment (Bowerman et al., 2014). Spawning in brown trout is
associated with bed topography (Baxter and Hauer, 2000; Lapointe et al., 2004).
The changes in stream bed topography creates a pressure differential along the
bed of a stream, resulting in downwelling on the upstream side of a bedform that
drives oxygenated surface water through the sediment and upwelling of hyporheic
water on the downstream side of the bedform (Tonina and Buffington, 2009). A
number of studies have also investigated the effect of substrate embedded on the
survival rate of juvenile salmonids at emergence, showing an increase in mortality
with the increase of fine sediment accumulation within the redd (Chapman,
1988; Waters, 1995; Kondolf, 2000; Lapointe et al., 2004; Suttle et al., 2004;
Meyer et al., 2005). Fine sediment buildup in streams is also believed to reduce
intra-gravel flow by decreasing the hydraulic conductivity of the gravel as fine
sediments in-fill the pore spaces and reduce both interconnections and size of
pores. The flow velocity of water through the redd has been considered a key
factor controlling the survival of incubating salmonid eggs as it brings dissolved
oxygen to the eggs and removes metabolic waste (Chapman, 1988; Elliott, 1994;
Zimmermann and Lapointe, 2005). Various studies have quantified differences
in the rates of sediment deposition generated from logging activities (Slaney
et al., 1977; Cederholm et al., 1981) natural stream sedimentation (O’Connor and
Andrew, 1998; Lisle and Lewis, 1992; Julien and Bergeron, 2006) and sedimentation
from agricultural activities (Soulsby et al., 2001; Conallin, 2004).
In this study, I aimed to examine how fine sediments affect brown trout
egg survival in a field experiment in streams with varying levels of in situ
sedimentation. The objective of the study was to evaluate the relationship
between fine sediments in streams and brown trout egg survival. I hypothesize:
1. survival would be significantly reduced in areas with higher fine sediment
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concentration
2. survival would be lower at downstream sites due to the generally elevated
sediment levels generally experienced further downstream in catchments.
3.3 Methods
3.3.1 Study site
To investigate the link between fine sediment deposition in stream beds and
egg survival, I conducted an experiment in four streams with varying levels of
sedimentation, i.e. Flodden, Heriot and Crookston in the Pomahaka catchment
all of which are affected by agriculture, and Silverstream in the Taieri catchment
which is affected by urbanization and agriculture. Two locations on each stream
were selected: a site upstream with limited human impact and sedimentation,
and a site downstream impacted by agricultural activity, with increased sedimentation,
for the placement of trout eggs in artificial redds.
Studies on brown trout egg survival were conducted in June-August 2018
during their natural spawning season. For the experiment, nine artificial redds
were created, one artificial redd was created upstream and one downstream in
each of the Flodden Burn, Heriot Burn and Crookston Burn (Fig. 3.1). In
the Silverstream three sites were selected in an upper reach, middle reaches
and downstream reaches (Fig. 3.2). Three different reaches in Silverstream were
selected as there is a great variation in the land use along the length of the stream
catchment. Unfortunately, the number of eggs obtained from the fertile females
at the hatchery was considerably less than anticipated preventing replication of
the artificial redds at each site.
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Figure 3.1: Map of Pomahaka catchment showing the locations of the sampling
sites.
Figure 3.2: Map of Silverstream showing the locations of sampling sites.
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3.3.2 Artificial redd and egg placement
Artificial redds were created on two consecutive days in June when the
temperature of the water was below 50C. In order to prevent the eggs from
washing away, they were stored in a 5 mm mesh size box (height: 60 mm, width:
45 mm, length: 60 mm) which allowed continuous supply of water to the eggs.
Prior to placing the eggs in the mesh boxes, the mesh boxes were vigorously
washed to remove any chemical residues that might affect egg survival. The
boxes were placed in detergent and water for 1 hour, and then washed vigorously
under hot water to remove any leftover detergent and chemicals. Brown trout
eggs for the experiment were obtained from the Fish and Game, Otago. Two
parent crosses were produced by fertilizing a mixture of eggs from five females
with sperm pooled from three males from the same stock. The use of two different
parent crosses minimized the potential for eggs from a single cross to confound
the experiment. Eggs were immediately water hardened and transferred to a
mesh box. Each mesh box was filled with 100 eggs and placed in the dark. As
fertilized eggs are sensitive to light, they were stored in the dark until transferred
into the stream (Alberto et al., 2017). As a control survival treatment, two
batches of eggs from each parent cross were retained in a hatchery incubator to
assess fertilization success and compare survival rates under carefully controlled
conditions with the survival rates in the artificial redds.
Egg batches were inserted into the artificial redds within 5 hrs after fertilization.
In an attempt to mimic brown trout spawning activity, the artificial redds were
excavated in the coarse cobble substrate in each reach, at the tail end of pools
in what were assumed to be downwelling sites. The boxes were placed 15-20 cm
deep in the gravels (Ottaway et al., 1981; Grost et al., 1991). Then they were
covered with cobbles and the eggs were left to incubate for 50 days, by which
time it was considered the eggs should have reached the eyed stage.
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3.3.3 Collection of eggs
After 50 days of incubation in the streams, the nine mesh boxes containing
brown trout eggs were lifted from the artificial redds in August. On collection
days, the number of live eggs in each mesh box was recorded. Egg survival was
also assessed in the control group of eggs raised to determine the fertilization
success and survival under ideal conditions in the hatchery. Physicochemical
conditions and sediment concentration were also measured in the artificial redds
at the time of sampling by inserting minipiezomters close to the position of
the artificial redds. Parameters measured included the amount of DO, specific
conductance, temperature present within the interstitial waters was measured
using a multiprobe (YSI Pro 2030). This was done in order to relate the
physiochemical variables to the survival of eggs. To examine the density of
deposited fine sediments in each artificial redd site, the quorer technique was
used (Naden et al., 2016). Water samples were then analysed in the laboratory
using a filtration manifold.
3.3.4 Data analysis
My aim was to examine if the physicochemical variables and sediment concentration
had an influence on the survival of eggs. Linear regression was used to compare
egg survival against each of the measured physicochemical variables (dissolved
oxygen, sediment concentration, VHG and conductivity). In this analysis, the
number of surviving eggs was used as the dependent variable, and the physicochemical
factors and sediment concentration as the independent variables. I tested, whether
the variables correlated with egg survival using Pearson correlation and significance




Egg survival varied between sampling locations at each field site (Table 3.1).
Zero and 5% survival was observed at Heriot burn (upper) and Silverstream
Table 3.1: Rates of survival recorded within artificial redds.
Location % survival
Heriot burn (upper) 0
Heriot burn (lower) 59
Flodden burn (upper) 45
Flodden burn (lower) 56
Crookston burn (upper) 65





(lower) respectively. Maximum survival occurred at Crookston burn (lower),
Crookston burn (Upper), Heriot burn (lower), and Flodden burn (Lower) at
76%, 65%, 59%, and 56%, respectively. Total survival per cage was 45% at
Flodden burn (upper) and 55% at Silverstream (upper). The control samples at
the McCraes Hatchery exhibited a 95% survival rate. No significant relationships
were observed between egg survival and the measured physiochemical variables




Figure 3.3: Graphs showing linear regression of egg survival on Y-axis against




Figure 3.3: Graphs showing linear regression of egg survival on Y-axis against
VHG (a), conductivity (b), sediment concentration (c) and Dissolved oxygen (d).
(cont.)
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3.4.2 Physicochemical variables and deposition of sediments
The deposited sediment concentrations amongst substrates next to the artificial
redds were highly variable within and between the streams. The upper sites of
all the streams except Heriot Burn exhibited higher sediment concentrations
than the lower sites. At all sites, dissolved oxygen concentrations were higher in
stream water than the interstitial waters. Conductivity was higher in interstitial
hyporheic water than the stream water. The VHG close to all artificial redds
were upwelling rather than downwelling, and the temperature within the redds








Table 3.2: Physicochemical variables (dissolved oxygen, conductivity, VHG, temperature) and sediment concentration of different
streams.
Stream name ToC
Dissolved Dissolved Specific VHG Sediment
oxygen oxygen conductance (cm) concentration
(mg/L) (%) (µS/cm) (mg/L)
Heriot burn (upper)
Stream water 6.6 11.5 98 82.7 - -
Interstitial water 6.7 10.2 87 88.7 +1.32 496.6
Heriot burn (lower)
Stream water 5.3 12.6 102 122.6 - -
Interstitial water 5.9 11.5 97 141.7 +1.50 778.4
Flodden burn (upper)
Stream water 7.5 11.2 97 138.2 - -
Interstitial water 7.6 9.8 84 151.2 +0.97 12441
Flodden burn (lower)
Stream water 7.0 11.5 98 122.9 - -
Interstitial water 7.7 9.7 84 138.7 +1.24 3545








Table 3.2 – Continued from previous page
Stream name ToC
Dissolved Dissolved Specific VHG Sediment
oxygen oxygen conductance (cm) concentration
(mg/L) (%) (µS/cm) (mg/L)
Crookston burn (upper)
Stream water 7.2 11.3 97 125 - -
Interstitial water 7.1 10.2 87 97.3 +1.24 1337.2
Crookston burn (lower)
Stream water 6.1 12.0 99 143.7 - -
Interstitial water 6.4 11.3 95 153.1 +1.04 143
Silverstream (Upper)
Stream water 5.5 12.7 103 83 - -
Interstitial water 5.6 11.8 96 174.0 +0.88 2878.2
Silverstream (Lower)
Stream water 7.2 12.4 104 172 - -
Interstitial water 7.3 11.3 92 190.6 +0.83 525.4
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3.5 Discussion
The sites of the artificial redds were chosen to correspond with the observed
locations of redds in the streams as described in Chapter 2. The morphological
characteristics of the artificial redds created and the egg burial depth (10 - 20
cm) aimed to match those of natural redds (Ottaway et al., 1981; Grost et al.,
1991). As there was no replication of the artificial redds at the site level, I could
only test for associations between egg survival using the point measurements of
local conditions. This approach ignores any spatial variability that may exist
within each site, and any temporal variability in the potential drivers leading to
very low statistical and inferential power to detect and understand patterns.
The results of my experiment did not detect a relationship between sedimentation
and egg survival in the field. O’Connor and Andrew (1998) found no correlation
between sediment accumulation and Atlantic salmon egg survival in the field.
Another study on salmonids (Cunjak et al., 2002) also found no relationship
between fine sediment accumulation and egg survival to emergence. In contrast,
other studies (Armstrong et al., 2003; Youngson et al., 2004; Greig et al., 2005;
Levasseur et al., 2006; Louhi et al., 2011) have observed that sediment inputs
to spawning and incubation habitat by land-derived (catchment area, stream
banks) or re-suspended sediments result in poor survival of salmonid embryos or
premature emergence of fry. From the studies of Greig et al. (2005); Levasseur
et al. (2006); Louhi et al. (2011), it is concluded that the finest organic sediment
fraction (< 0.074 mm) appeared to be the particle size class with the most
negative impact on developing embryos, and larger sediment particles (up to
2.0 mm) had no corresponding effect on the egg survival.
Eggs incubating downstream of Crookston, Flodden and Heriot burn had a
higher survival rate than the upstream, but this could not be clearly linked to
sediment concentration or other physicochemical factors. Downstream locations
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did not accumulate significantly more fines, an unexpected outcome. Sediment
accumulation was highly variable between sites, with some locations accumulating
the highest fines in the upper reaches. Alterations in the flow of the stream by
urbanization and agriculture might have been acting as a filter trap, preventing
the majority of sediment from traveling farther downstream and altering upstream
sediment deposition patterns (Jackson, 2003; Cocchiglia et al., 2012).
Egg incubation period is highly dependent on temperature. The optimum
temperature for the survival of brown trout eggs is between 30C to 130C (Wallace
and Heggberget, 1988; Elliott, 1994; Jonsson and Jonsson, 2011). Spot measurement
of temperature was done using YSI probe at the time of egg collection, which
most likely represents the highest temperature over the period of egg incubation
given that eggs were initially placed into the streams in June. Ideally, it would
have been to monitor temperature using data loggers, but given temperatures
were well below lethal levels at the time of sampling, I can be confident temperatures
did not exceed lethal levels over the course of incubation. However, I am less
certain as to the rate of trout development over the course of the experiment, and
the use of temperature loggers would have at least provided some insights into
the rate of embryo development over the course of the experiment, and hence
the likely dates of hatching (Chapin et al., 2014).
The conductivity, VHG (downwelling or upwelling), and dissolved oxygen
data did not indicate a relationship with egg survival. Curry and MacNeill
(2004) determined that the survival of brook trout and Atlantic salmon was
higher in regions of groundwater upwelling. However, in a laboratory study,
Franssen et al. (2012) did not observe a significant effect of VHG on survival
to emergence of brook trout across a range of substrate compositions. Brown
trout and brook trout are considered to have same spawning cycle (Elliott,
1994). Salmonid embryos can tolerate low dissolved oxygen supply for short
periods especially at the start of the incubation period on account of their low
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respiratory rates (Hamor and Garside, 1976; Malcolm et al., 2008; Collins et al.,
2014). Though in-redd water appeared to have DO concentrations similar to that
of surface water, interstitial oxygen availability may vary among egg locations
within the sediment matrix of an individual redd (Greig et al., 2007a; Bowerman
et al., 2014). It has been found challenging to conduct these studies in the
field as the DO can vary quite considerably at fine spatial and temporal scale
in the hyporheos, which could be considered as a limitation in understanding
the relationship between DO and egg survival. Given that I only placed a
single minipiezometer into each artificial redd, I have no information on the
variation in the hyporheic conditions in each stream. On the other hand, DO
concentrations alone may not have limited embryo survival. Other researchers
have also observed poor embryo survival rates at oxygen concentrations approaching
saturation (Greig et al., 2007b; Bowerman et al., 2014).
From the physicochemical data, it has been observed that there was not
much variation across the variables measured, though mortality was observed
in the planted embryos. Mortality in embryos could be due to factors such as
asphyxiation, entombment, scouring and algal blooms (Dumas et al., 2007; Sierra
and Gomez, 2007; Bowerman et al., 2014). The percentage egg survival was zero
and 5% at Heriot Burn (upper), Silverstream (lower), because of scouring and
algal blooms respectively. Before the lifting of eggs, there were a series of flood
events in the Pomahaka region. The flood events caused the destruction of
the artificial redd at Heriot Burn (upper) where the gravels were scoured out.
This fact suggests that spates may be a supplementary and important mortality
factor for normal or high discharge years (Dumas et al., 2007). Lower reaches of
Silverstream received effluent from urbanization that have caused algal blooms
(see Sierra and Gomez (2007)) (Collins et al., 2014) and the bed of the stream
were covered with a thick biofilm, which could have led to egg mortality. Algal
biofilms embedded within secretions of extracellular polymeric substances (EPS)
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can alter the benthic environment of rivers (Sierra and Gomez, 2007) which could
have caused the mortality of eggs. Biofilm development can be enhanced in
situations where high loading’s of organic material are present in the interstitial
environment (Collins et al., 2014).
3.6 Conclusions and limitations
As designed and conducted, this experiment could not resolve the relationships
or establish a trend between dissolved oxygen, conductivity, sediment and VHG
with egg survival, primarily due to low within-site replication. The lack of
replication meant I was unable to obtain a representative measurement of egg
survival within each site, with high variation in egg survival across each site
and no clear associations with any of the measured variables. The adverse
effects of sedimentation on salmonid fish has long been recognized (Olsson and
Persson, 1988; Greig et al., 2005; Roussel, 2007; Louhi et al., 2011), especially
for the embryo-larval phase which develops in the gravel bed, but assembling
the evidence to support strong cause and effect inferences is challenging. The
availability of eggs to run the experiment was a major issue, limiting my ability
to replicate at the site level. Replication of artificial redds at the site level would
have provided a more robust assessment of typical egg survival at each site, and
some assessment of fine-scale environmental variation at each site. Clearly, to
conduct experiments of this nature, significant commitment and logistic support
is required to address the questions effectively.
The present study provides some insights for future research directions. The
detrimental effects of excessive fine sediment on substrate permeability, inter
granular flow velocities, and resultant survival of salmonid embryos and sac
fry have been well documented in numerous laboratory studies (Peterson and
Metcalfe, 1981; Tappel and Bjornn, 1983; Young et al., 1991; Lapointe et al.,
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2004). The laboratory experiments completed by Lapointe et al. (2004) would
form a solid basis for future work, where brown trout eggs could be incubated
in cylinders containing varying sediment size mixtures and subjected to different
hydraulic gradients. Inserting such egg-filled columns into streams where there
were carefully measured rates of up and down-welling within a single stream
would help establish the effects of sediment in relation to water flow through the
hyporheic habitat. Crucially, for future studies, some measurement of within-site
variation in hyporheic conditions and egg survival would be essential.
Field experiments performed by Levasseur et al. (2006) helps us understand
the impacts of spatial variations of sediment and physicochemical variables in
relation to survival and hatching of eggs. Few other monitoring protocols could
be applied to evaluate effects of sediments and associated pollutants on spawning
and recruitment of brown trout (Maret et al., 1993). With the monitoring
protocols, incubation success in artificial egg pockets could be measured in
terms of intra-gravel dissolved oxygen (IGDO), percent fine sediment (< 2.0
mm) in the substrate, and survival of embryos and alevins to emergence (Maret
et al., 1993; Donaghy and Verspoor, 2000). Though egg survival was specific to
changes in fine sediment, surely the sites would have other anthropogenic impacts
occurring too (e.g. increased nutrients, water abstraction, riparian deforestation,
in-stream works) or whether they naturally differ (e.g. slope, flow, gravel sizes
and temperature) should be considered in order for the comparison of the natural
to artificial redds.
Future research should focus on exposure time of eggs to sediments over a
long time as long exposure to sediments could be lethal impacts on egg survival
and fitness of the adult fish (Greig et al., 2005). The use of temperature loggers
should be considered as that would allow some estimation of development time,
and hence predicting when eggs would hatch relative to length of experiment.
Environment loggers can also provide data on flow intermittency and relative
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conductivity (Chapin et al., 2014). The use of GIS could also help in understanding
the surrounding landscape, improving understanding of likely sediment dynamics
and refining site selection along gradients of sediment yield from a catchment
which makes it easier to understand the dynamics within the stream (Unwin
and Larned, 2013; Booker and Woods, 2014). Use of GIS should be considered
in future to better understand the fine sediment cover, flow differences, and
determination of nutrients within a stream (Clapcott et al., 2011; Unwin and
Larned, 2013; Booker and Woods, 2014).
The results of my experiment did not resolve the relationship between sedimentation
and egg survival in the field. In future, it would be helpful to develop integrated
lab and field experiments to test the effects of sedimentation on egg survival.
Carefully controlled lab experiments would provide a clear understanding of the
physicochemical variables, concentration of sediments in relation to survival of
eggs, and such relationships could then be tested under field conditions.
Chapter 4
General Discussion
4.1 Main objectives of my Master’s thesis
The overall aim of the present research was to investigate the impacts of excessive
sedimentation from agriculture, dairy farming and urbanization in South Island,
New Zealand, on the hyporheic water quality, physicochemistry, spawning habitat
availability and egg survival and mortality in brown trout (Salmo trutta L.).
In this final chapter of my thesis, a summary of the main conclusions of
my data chapters and limitations in my study will be discussed. These data
chapters comprise a field survey and analysis of archival data (Chapter 2) and a
field experiment (Chapter 3) in which I studied the influence of agriculture and
urbanization on spawning habitat availability, hyporheic water conditions and
egg survival in brown trout. This chapter ends with a discussion focusing on the
potential areas of future study.
4.2 Introduction
This study was the first aiming to examine spawning habitat availability and
egg survival in relation to sedimentation in coastal streams of South Island,
New Zealand. Unfortunately, I was unable to draw meaningful inferences with
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respect to relationships between sedimentation and hyporheic physcicochemical
conditions and the brown trout spawning habitat availability and egg survival.
This was due to:
1. Inconsistent spatial and temporal coverage of brown trout spawning activity
in spawning survey data.
2. A lack of appreciation of the level of replication required both within-streams
and between-streams to reliably describe relationships between spawning
activity and environmental variables.
3. The level of replication required to reliably test relationships between egg
survival and environmental relationships in a field experiment.
In a recent paper, Joy et al. (2019) observed a reduction in the brown
trout abundance across New Zealand in relation to intensification of agriculture,
particularly dairy farming. It has been observed that, the amount of sediment
deposition has increased with intensive agricultural activities (Ramezani et al.,
2016). Thus, it is crucial to understand the mechanisms underlying brown
trout spawning availability and egg survival. Relatively few studies have been
conducted internationally examining brown trout spawning and habitat selection
and availability in relation to egg survival (Gauthey et al., 2017). Brown trout
invest heavily in reproduction (Kamler, 2008; Gauthey et al., 2017). They also
extensively search for suitable spawning sites where they can dig spawning redds
(Armstrong et al., 2003; Riedl and Peter, 2013). Understanding spawning habitat
requirements is crucial for understanding spawning that leads to the successful
emergence of fry from the redds.
Over the past two decades, intensification of agricultural land use has resulted
in the input of excess fine sediment and nutrients into the streams bringing about
a change in the water and habitat quality (Matthaei et al., 2006). This has also
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resulted changes in hyporheic water quality and the availability of spawning
grounds for brown trout (Greig et al., 2005) potentially contributing to the
decline of brown trout populations (Joy et al., 2019). Brown trout angling is an
important contributor to New Zealand’s tourism, and has recreation, cultural and
conservation significance (Keith, 2003). It is important for freshwater scientists
in New Zealand, to look into this aspect by focusing more research on the
impacts of sedimentation on spawning availability and egg survival, adding to an
understanding of factors contributing to the population dynamics of the brown
trout populations across New Zealand.
4.3 Review of findings
4.3.1 Impact of sedimentation on availability of spawning grounds
for brown trout
In chapter 2, I assessed the effects of sedimentation on the hyporheic flow
and availability of spawning grounds for brown trout. I used minipiezometers
and the quorer technique to measure intra-gravel water quality and attempted
quantify sedimentation within the streams of the Pomahaka catchment and
Taieri catchment. Spawning survey data was also collected from Fish and Game,
Otago, New Zealand to determine past and present patterns of spawning activity.
The data collected by Fish and Game was less comprehensive than initially
believed, and the data collected inconsistently over the years, further leading to
a major-mismatch in the data. It was impossible to ascertain long term trends
in spawning activity with this data. Further, I was unable to achieve sufficient
within and between stream replication of spawning habitat with the resources
available to me, limiting the inferences I could draw from my own data set.
To better understand the impact of sedimentation on brown trout spawning
regular assessment of spawning activity using a consistent survey protocol by
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trained observers of the same reaches each year by Fish and Game is required
to understand long term trends in spawning activity. These surveys should be
coupled with assessments of juvenile trout abundance to link spawning activity
and survival to hatch. Ramezani et al. (2016) observed sedimentation and
detected no trout in streams heavily impacted by agricultural activities. Intra-gravel
water quality (hyporheic water) plays a major role in the successful spawning
(Lapointe et al., 2004). Thus, understanding the function of hyporheic zone is
essential for understanding the effects of sedimentation on spawning habitat
for brown trout. Through this study, I have a greater appreciation of the
challenges of collecting data of sufficient quality that enables understanding
of the relationships between spawning and sediment - such data is difficult
to collect, and takes significant commitment and resources. However, it is
important and a critical element in effective management of a fishery. Data
regarding physiochemical variables, spawning surveys should be conducted frequently
in space and time, which helps in understanding the actual reason for the decline
in the brown trout. Availability of such accessible data over the years would
help Fish and Game to initiate a programme that helps in the restoration of the
spawning habitat that is suitable for the brown trout.
4.3.2 Egg survival and mortality
In chapter three, I attempted to examine the effect of sedimentation on
egg survival and mortality using an in situ experimental approach. The study
was conducted in upstream and downstream reaches of Heriot Burn, Crookston
Burn, Flodden Burn in the Pomahaka catchment and Silverstream in the Taieri
catchment. Due to insufficient within-site replication. I was unable to infer
the nature of any relationships between sediment and egg survival. O’Connor
and Andrew (1998), Cunjak et al. (2002) found no relationship between fine
sediment accumulation and egg survival to emergence. In contrast, studies
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conducted by Armstrong et al. (2003), Youngson et al. (2004), Greig et al.
(2005), Levasseur et al. (2006), Louhi et al. (2011) observed that sediment inputs
to spawning and incubation habitat by land-derived (catchment area, stream
banks) or re-suspended sediments result in poor survival of salmonid embryos
or premature emergence of fry. With the experiment as executed, I could not
resolve the relationships between physicochemical conditions and survival of eggs.
However, eggs placed in the lower reaches of Silverstream died, most likely due
to the thick biofilm on the bed of this stream (Sierra and Gomez, 2007; Collins
et al., 2014). In contrast, high mortality of eggs in upper Heriot Burn may
have been due to scouring (Dumas et al., 2007; Bowerman et al., 2014). A
combination of laboratory and in situ field experiments would better test the
effects of sedimentation on eggs and help us better understand the mechanisms
underlying the survival of eggs in redds.
As designed and conducted, this experiment could not resolve the relationships
or establish a trend between dissolved oxygen, conducticity, sediment and VHG
with egg survival. The adverse effects of sedimentation on salmonid fish has
long been recognized (Olsson and Persson, 1988; Greig et al., 2005; Roussel,
2007; Louhi et al., 2011), especially for the embryo-larval phase which develops
in the gravel bed, but assembling the evidence to support strong cause and effect
inferences is challenging. The availability of eggs was a major issue, limiting the
number of replicates I could place at sites and streams. Without replication at
the site level, I was unable to determine the level of variation in egg survival
and environmental conditions at fine spatial scales within streams. Replication
of artificial redds at the site level would have enabled me to obtain better
representation of egg survival by site, and allowed more robust comparisons
between sites and streams with varying levels of sedimentation. Clearly, experiments
of this sort requires a lot of commitment and logistic support to address the
questions effectively.
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Successful spawning is of vital importance for the persistence of salmonid
populations (Chapman, 1988; Groot andMargolis, 1991). Throughout the salmonid
life cycle, a large proportion of total mortality occurs between the period of egg
deposition and fry emergence (Bowerman et al., 2014). Embryo survival within
the redds may be influenced by numerous abiotic factors such as composition of
sediments, water exchange through the stream gravels, temperature and oxygen
availability within the incubation environment (Chapman, 1988; Lapointe et al.,
2004; Greig et al., 2007a; Sear et al., 2008; Jensen et al., 2009). These factors are
interrelated, as fine sediment can block interstitial spaces, resulting in reduced
water exchange and reduced oxygen availability to the eggs leading to entombment
and mortality of eggs (Youngson et al., 2004; Sear et al., 2008; Franssen et al.,
2012; Bowerman et al., 2014). A combination of lab (Peterson and Metcalfe,
1981; Tappel and Bjornn, 1983; Young et al., 1991; Lapointe et al., 2004) and field
experiment (Levasseur et al., 2006) as performed would strengthen understanding
of the relationships between the physicochemical variables and the survival of
eggs.
4.4 Future research
My research has provided me with insights as to how the future studies determining
the effects of sedimentation from agriculture, dairy farming and urbanization
on the physicochemistry, hyporheic flow, egg survival and spawning habitat
availability for brown trout could be conducted, both in the Pomahaka and
Taieri river catchments in South Island, and elsewhere. A sustained year-to-year
programme of sampling and assessment of spawning habitat conditions using a
standardized monitoring protocol would develop a robust data set on relationships
between land-use, spawning activity and long term trends in trout abundance
and distribution. There is also scope for more targeted studies that aim to
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examine the specific effects of sedimentation in New Zealand streams on hyporheic
habitat and egg survival in brown trout. Given that the properties of sediment
and sediment transport varies from catchment to catchment, sediment dynamics
and its impact on spawning activity and egg survival to some extent need to
be examined in some detail on a catchment by catchment basis, with studies
ideally targeting key spawning streams and stream reaches. Future research
needs to focus on the channel hydromorphology specifically, the ability of streams
to transport/retain fine sediment, and also, spatially quantifying the amount
of sedimentation within an area of the catchment (Greig et al., 2005; Foster
et al., 2011; Bowerman et al., 2014; Naden et al., 2016). Suggested future
projects include quantifying the impact of embeddedness of stream substrates
on the stream biota. Similar research has been conducted in Europe (Bolliet and
Bardonnet, 2017) but little information exists for any of streams in New Zealand
on embeddedness of substrates in relation to the deposition of fine sediments, and
how such patterns relate to the availability of spawning habitat and spawning
activity. Further potential areas of research could also examine the relationships
between temperature, VHG, DO, conductivity in egg survival as observed by
Bowerman et al. (2014). Quantifying the time taken for the sediment to deposit
within the inter-gravel spaces and smother redds (Cocchiglia et al., 2012) would
also prove a valuable area of future research, having implications both for the
management of stream biota and salmonids in New Zealand.
As observed in studies by Joy et al. (2019) and Ramezani et al. (2016), brown
trout abundance and distribution has declined in recent decades as the intensity
of activities has increased and the specific factors leading to this decline are
poorly understood. Whilst my own research was inconclusive, brown trout are
likely to be under pressure from multiple stressors, with pollutants including
fine sediment and nutrients, impacting trout at multiple points in their life
cycles (Matthaei et al., 2010; Ramezani et al., 2014). Agricultural activities
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are the main cause of discharge of fine sediments to streams in New Zealand
(Matthaei et al., 2006 2010; Ramezani et al., 2014 2016), and their impact
on the ecology of brown trout remains poorly understood. It is important for
freshwater scientists and resource managers to further examine the relationship
between sediment inputs, spawning habitat availability, and egg survival in
relation to the population dynamics and trends of brown trout. A well designed
programme combining long-term monitoring of spawning activity and brown
trout population trends, with more targeted studies on relationships between
egg survival and sediment dynamics is urgently needed.
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of eggs of Atlantic salmon (Salmo salar) in a drawdown zone of a regulated
river influenced by groundwater. Hydrobiologia 743, 269–284.
78 References
Cederholm, C. J., Reid, L. M. and Salo, E. O. (1981) Cumulative effects
of logging road sediment on salmonid populations in the Clearwater
River, Jefferson County, Washington. In Presented to the conference
Salmon-Spawning Gravel: A Renewable Resource in the Pacific Northwest,
ed. WA, P., pp. 38–74.
Chapin, T. P., Todd, A. S. and Zeigler, M. P. (2014) Robust, low-cost data
loggers for stream temperature, flow intermittency, and relative conductivity
monitoring. Water Resources Research 50, 6542–6548.
Chapman, D. (1988) Critical review of variables used to define effects of fines
in redds of large salmonids. Transactions of the American Fisheries Society
117, 1–21.
Clapcott, J., Young, R., Harding, J., Matthaei, C., Quinn, J. and Death, R.
(2011) Sediment assessment methods: Protocols and guidelines for assessing
the effects of deposited fine sediment on in-stream values. Cawthron Institute,
Nelson, New Zealand 108.
Clark, D., Caradus, J., Monaghan, R., Sharp, P. and Thorrold, B. (2007) Issues
and options for future dairy farming in New Zealand. New Zealand Journal
of Agricultural Research 50, 203–221.
Closs, G. P., Krkosek, M. and Olden, J. D. (2016) Conservation of Freshwater
Fishes. Cambridge University Press.
Coble, D. W. (1961) Influence of water exchange and dissolved oxygen in redds
on survival of steelhead trout embryos. Transactions of the American Fisheries
Society 90, 469–474.
Cocchiglia, L., Curran, S., Hannigan, E., Purcell, P. J. and Kelly-Quinn, M.
(2012) Evaluation of the effects of fine sediment inputs from stream culverts
References 79
on brown trout egg survival through field and laboratory assessments. Inland
Waters 2, 47–58.
Coen, L. D. (1995) A review of the potential impacts of mechanical harvesting
on subtidal and intertidal shellfish resources. South Carolina Department of
Natural Resources, Marine Resources Research Institute Charleston, SC.
Collins, A., Naden, P., Sear, D., Jones, J., Foster, I. D. and Morrow, K. (2011)
Sediment targets for informing river catchment management: international
experience and prospects. Hydrological Processes 25, 2112–2129.
Collins, A., Williams, L., Zhang, Y., Marius, M., Dungait, J., Smallman,
D., Dixon, E., Stringfellow, A., Sear, D., Jones, J. et al. (2014) Sources
of sediment-bound organic matter infiltrating spawning gravels during the
incubation and emergence life stages of salmonids. Agriculture, Ecosystems
& Environment 196, 76–93.
Collins, A., Zhang, Y., Walling, D., Grenfell, S. and Smith, P. (2010) Tracing
sediment loss from eroding farm tracks using a geochemical fingerprinting
procedure combining local and genetic algorithm optimisation. Science of
the Total Environment 408, 5461–5471.
Collins, R., Mcleod, M., Hedley, M., Donnison, A., Close, M., Hanly, J., Horne,
D., Ross, C., Davies-Colley, R., Bagshaw, C. et al. (2007) Best management
practices to mitigate faecal contamination by livestock of New Zealand waters.
New Zealand Journal of Agricultural Research 50, 267–278.
Conallin, J. (2004) The negative impacts of sedimentation on brown trout (Salmo
trutta) natural recruitment, and the management of Danish streams. Journal
of Transdisciplinary Environmental Studies 3, 2.
80 References
Council, O. R. (2018) State of the environment report: Surface water quality in
Otago. Otago Regional Council, Dunedin, New Zealand .
Crisp, D. (1996) Environmental requirements of common riverine European
salmonid fish species in fresh water with particular reference to physical and
chemical aspects. Hydrobiologia 323, 201–221.
Crisp, D. and Carling, P. (1989) Observations on siting, dimensions and structure
of salmonid redds. Journal of Fish Biology 34, 119–134.
Crisp, D. T. (1993) The environmental requirements of salmon and trout in fresh
water. In Freshwater Forum, volume 3, pp. 176–202.
Crisp, T. (2000) Trout and Salmon: Ecology, Conservation and Rehabilitation.
Fishing News Books, Oxford.
Cunjak, R., Guignion, D., Angus, R. and MacFarlane, R. (2002) Survival of eggs
and alevins of Atlantic salmon and brook trout in relation to fine sediment
deposition. Canadian Technical Report of Fisheries and Aquatic Sciences
(2408), 82–91.
Curry, R. A. and MacNeill, W. S. (2004) Population-level responses to sediment
during early life inbrook trout. Journal of the North American Benthological
Society 23, 140–150.
Dahm, C. N., Valett, H. M., Baxter, C. V. and Woessner, W. W. (2008) Methods
in stream ecology, chapter Hyporheic zones, pp. 119–142. Academic Press,
Boston.
Dauphin, G., Prévost, E., Adams, C. E. and Boylan, P. (2010) Using redd counts
to estimate salmonids spawner abundances: A bayesian modelling approach.
Fisheries Research 106, 32–40.
References 81
Diana, J. S. (2003) Biology and Ecology of Fishes. Biological Sciences Press,
Cooper Publishing Group, Traverse City, Michigan.
Dodds, W. K. and Welch, E. B. (2000) Establishing nutrient criteria in streams.
Journal of the North American Benthological Society 19, 186–196.
Doeg, T. and Koehn, J. (1994) Effects of draining and desilting a small weir
on downstream fish and macroinvertebrates. Regulated Rivers: Research &
Management 9, 263–277.
Donaghy, M. J. and Verspoor, E. (2000) A new design of instream incubator for
planting out and monitoring Atlantic salmon eggs. North American Journal
of Fisheries Management 20, 521–527.
Dudgeon, D., Arthington, A. H., Gessner, M. O., Kawabata, Z.-I., Knowler,
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Louhi, P., Ovaska, M., Mäki-Petäys, A., Erkinaro, J. and Muotka, T. (2011) Does
fine sediment constrain salmonid alevin development and survival? Canadian
Journal of Fisheries and Aquatic Sciences 68, 1819–1826.
90 References
Maceda-Veiga, A. (2013) Towards the conservation of freshwater fish: Iberian
rivers as an example of threats and management practices. Reviews in Fish
Biology and Fisheries 23, 1–22.
MacLeod, C. J. and Moller, H. (2006) Intensification and diversification of New
Zealand agriculture since 1960: An evaluation of current indicators of land use
change. Agriculture, Ecosystems & Environment 115, 201–218.
Magbanua, F. S., Townsend, C. R., Blackwell, G. L., Phillips, N. and Matthaei,
C. D. (2010) Responses of stream macroinvertebrates and ecosystem function
to conventional, integrated and organic farming. Journal of Applied Ecology
47, 1014–1025.
Magbanua, F. S., Townsend, C. R., Hageman, K. J. and Matthaei, C. D. (2013)
Individual and combined effects of fine sediment and the herbicide glyphosate
on benthic macroinvertebrates and stream ecosystem function. Freshwater
Biology 58, 1729–1744.
Malard, F., Tockner, K., Dole-Olivier, M.-J. and Ward, J. (2002) A landscape
perspective of surface–subsurface hydrological exchanges in river corridors.
Freshwater Biology 47, 621–640.
Malcolm, I., Soulsby, C., Youngson, A., Hannah, D., McLaren, I. and Thorne,
A. (2004) Hydrological influences on hyporheic water quality: implications for
salmon egg survival. Hydrological Processes 18, 1543–1560.
Malcolm, I. A., Greig, S. M., Youngson, A. F. and Soulsby, C. (2008)
Salmonid spawning habitat in rivers: physical controls, biological responses,
and approaches to remediation, volume 65, chapter Hyporheic influences on
salmon embryo survival and performance, pp. 225–248. American Fisheries
Society, Bethesda, USA.
References 91
Malcolm, I. A., Youngson, A. F. and Soulsby, C. (2003) Survival of salmonid
eggs in a degraded gravel-bed stream: effects of groundwater–surface water
interactions. River Research and Applications 19, 303–316.
Maret, T., Burton, T., Harvey, G. and Clark, W. (1993) Field testing of new
monitoring protocols to assess brown trout spawning habitat in an Idaho
stream. North American Journal of Fisheries Management 13, 567–580.
Matthaei, C. D., Piggott, J. J. and Townsend, C. R. (2010) Multiple stressors
in agricultural streams: interactions among sediment addition, nutrient
enrichment and water abstraction. Journal of Applied Ecology 47, 639–649.
Matthaei, C. D., Weller, F., Kelly, D. W. and Townsend, C. R. (2006) Impacts
of fine sediment addition to tussock, pasture, dairy and deer farming streams
in New Zealand. Freshwater Biology 51, 2154–2172.
Matthaei, C. r. D., Peacock, K. A. and Townsend, C. R. (1999) Scour and fill
patterns in a New Zealand stream and potential implications for invertebrate
refugia. Freshwater Biology 42, 41–57.
McDowall, R. (1990) New Zealand Freshwater Fishes. Heinemann Reed.
Auckland, New Zealand .
McDowall, R. (2006) Fish, fish habitats and fisheries in New Zealand. Aquatic
Ecosystem Health & Management 9, 391–405.
McDowell, R. W., Snelder, T., Littlejohn, R., Hickey, M., Cox, N. and Booker,
D. J. (2011) State and potential management to improve water quality in an
agricultural catchment relative to a natural baseline. Agriculture, Ecosystems
& Environment 144, 188–200.
McIntosh, A. R. (2000) Habitat-and size-related variations in exotic trout
92 References
impacts on native galaxiid fishes in New Zealand streams. Canadian Journal
of Fisheries and Aquatic Sciences 57, 2140–2151.
Meehan, W. R., Farr, W., Bishop, D. and Patric, J. (1969) Some effects of
clearcutting on salmon habitat of two southeast Alaska streams .
Meyer, C. B., Sparkman, M. D. and Klatte, B. A. (2005) Sand seals in coho
salmon redds: do they improve egg survival? North American Journal of
Fisheries Management 25, 105–121.
Minshall, G. W., Thomas, S. A., Newbold, J. D., Monaghan, M. T. and Cushing,
C. E. (2000) Physical factors influencing fine organic particle transport and
deposition in streams. Journal of the North American Benthological Society
19, 1–16.
Molinos, J. G. and Donohue, I. (2009) Differential contribution of concentration
and exposure time to sediment dose effects on stream biota. Journal of the
North American Benthological Society 28, 110–121.
Moller, H., MacLeod, C. J., Haggerty, J., Rosin, C., Blackwell, G., Perley, C.,
Meadows, S., Weller, F. and Gradwohl, M. (2008) Intensification of New
Zealand agriculture: implications for biodiversity. New Zealand Journal of
Agricultural Research 51, 253–263.
Monaghan, R. and Smith, L. (2004) Minimising surface water pollution resulting
from farm-dairy effluent application to mole-pipe drained soils. II. the
contribution of preferential flow of effluent to whole-farm pollutant losses in
subsurface drainage from a West Otago dairy farm. New Zealand Journal of
Agricultural Research 47, 417–428.
Moring, J. (1982) Decrease in stream gravel permeability after clear-cut logging:
References 93
an indication of intragravel conditions for developing salmonid eggs and
alevins. Hydrobiologia 88, 295–298.
Morris, A. and Riley, J. (1963) The determination of nitrate in sea water.
Analytica Chimica Acta 29, 272–279.
Murphy, J. and Riley, J. P. (1962) A modified single solution method for the
determination of phosphate in natural waters. Analytica Chimica Acta 27,
31–36.
Naden, P., Murphy, J., Old, G., Newman, J., Scarlett, P., Harman, M.,
Duerdoth, C., Hawczak, A., Pretty, J., Arnold, A. et al. (2016) Understanding
the controls on deposited fine sediment in the streams of agricultural
catchments. Science of The Total Environment 547, 366–381.
Newcombe, C. P. and MacDonald, D. D. (1991) Effects of suspended sediments
on aquatic ecosystems. North American Journal of Fisheries Management 11,
72–82.
Niyogi, D. K., Simon, K. S. and Townsend, C. R. (2003) Breakdown of tussock
grass in streams along a gradient of agricultural development in New Zealand.
Freshwater Biology 48, 1698–1708.
Nogaro, G., Datry, T., Mermillod-Blondin, F., Descloux, S. and Montuelle, B.
(2010) Influence of streambed sediment clogging on microbial processes in the
hyporheic zone. Freshwater Biology 55, 1288–1302.
Nogaro, G., Mermillod-Blondin, F., Montuelle, B., Boisson, J.-C., Bedell, J.-P.,
Ohannessian, A., Volat, B. and Gibert, J. (2007) Influence of a stormwater
sediment deposit on microbial and biogeochemical processes in infiltration
porous media. Science of The Total Environment 377, 334–348.
94 References
O’Connor, W. and Andrew, T. (1998) The effects of siltation on Atlantic salmon,
Salmo salar L., embryos in the River Bush. Fisheries Management and Ecology
5, 393–401.
Olsen, D., Matthaei, C. and Townsend, C. (2007) Patch history, invertebrate
patch dynamics and heterogeneous community composition: perspectives from
a manipulative stream experiment. Marine and Freshwater Research 58,
307–314.
Olsen, D. A., Matthaei, C. D. and Townsend, C. R. (2010) Effects of
a depositional flood event on the hyporheos of a New Zealand stream.
Fundamental and Applied Limnology/Archiv für Hydrobiologie 176, 337–348.
Olsson, T. and Persson, B.-G. (1988) Effects of deposited sand on ova
survival and alevin emergence in brown trout(Salmo trutta L.). Archiv fur
Hydrobiologie. Stuttgart 113, 621–627.
Ormerod, S. J., Dobson, M., Hildrew, A. G. and Townsend, C. (2010) Multiple
stressors in freshwater ecosystems. Freshwater Biology 55, 1–4.
Ottaway, E., Carling, P., Clarke, A. and Reader, N. (1981) Observations on
the structure of brown trout, Salmo trutta Linnaeus, redds. Journal of Fish
Biology 19, 593–607.
Owens, P., Batalla, R., Collins, A., Gomez, B., Hicks, D., Horowitz, A., Kondolf,
G., Marden, M., Page, M., Peacock, D. et al. (2005) Fine-grained sediment
in river systems: environmental significance and management issues. River
Research and Applications 21, 693–717.
Packman, A. I. and MacKay, J. S. (2003) Interplay of stream-subsurface
exchange, clay particle deposition, and streambed evolution. Water Resources
Research 39.
References 95
Pender, D. R. and Kwak, T. J. (2002) Factors influencing brown trout
reproductive success in Ozark tailwater rivers. Transactions of the American
Fisheries Society 131, 698–717.
Peterson, R. and Metcalfe, J. (1981) Emergence of Atlantic salmon fry
from gravels of varying composition: a laboratory study. Fisheries and
Environmental Sciences, Department of Fisheries and Oceans.
Piggott, J. J., Lange, K., Townsend, C. R. and Matthaei, C. D. (2012) Multiple
stressors in agricultural streams: a mesocosm study of interactions among
raised water temperature, sediment addition and nutrient enrichment. PloS
One 7, e49873.
Pimm, S. L., Russell, G. J., Gittleman, J. L. and Brooks, T. M. (1995) The
future of biodiversity. Science 269, 347–350.
Pinay, G., O’Keefe, T. C., Edwards, R. T. and Naiman, R. J. (2009) Nitrate
removal in the hyporheic zone of a salmon river in Alaska. River Research and
Applications 25, 367–375.
Pusch, M. (1996) The metabolism of organic matter in the hyporheic zone of a
mountain stream, and its spatial distribution. Hydrobiologia 323, 107–118.
Ramezani, J., Akbaripasand, A., Closs, G. P. and Matthaei, C. D. (2016)
In-stream water quality, invertebrate and fish community health across a
gradient of dairy farming prevalence in a New Zealand river catchment.
Limnologica-Ecology and Management of Inland Waters 61, 14–28.
Ramezani, J., Rennebeck, L., Closs, G. P. and Matthaei, C. D. (2014) Effects
of fine sediment addition and removal on stream invertebrates and fish: a
reach-scale experiment. Freshwater biology 59, 2584–2604.
96 References
Redding, J. M., Schreck, C. B. and Everest, F. H. (1987) Physiological effects
on coho salmon and steelhead of exposure to suspended solids. Transactions
of the American Fisheries Society 116, 737–744.
Rehg, K. J., Packman, A. I. and Ren, J. (2005) Effects of suspended
sediment characteristics and bed sediment transport on streambed clogging.
Hydrological Processes: An International Journal 19, 413–427.
Relyea, C. D., Minshall, G. W. and Danehy, R. J. (2012) Development
and validation of an aquatic fine sediment biotic index. Environmental
Management 49, 242–252.
Revenga, C., Campbell, I., Abell, R., De Villiers, P. and Bryer, M. (2005)
Prospects for monitoring freshwater ecosystems towards the 2010 targets.
Philosophical Transactions of the Royal Society B: Biological Sciences 360,
397–413.
Reynolds, J. D., Dulvy, N. K., Goodwin, N. B. and Hutchings, J. A. (2005)
Biology of extinction risk in marine fishes. Proceedings of the Royal Society
B: Biological Sciences 272, 2337–2344.
Riedl, C. and Peter, A. (2013) Timing of brown trout spawning in Alpine rivers
with special consideration of egg burial depth. Ecology of Freshwater Fish 22,
384–397.
Roussel, J.-M. (2007) Carry-over effects in brown trout (Salmo trutta): hypoxia
on embryos impairs predator avoidance by alevins in experimental channels.
Canadian Journal of Fisheries and Aquatic Sciences 64, 786–792.
Rutherford, J. C., Marsh, N. A., Davies, P. M. and Bunn, S. E. (2004) Effects
of patchy shade on stream water temperature: how quickly do small streams
heat and cool? Marine and Freshwater Research 55, 737–748.
References 97
Ryan, P. A. (1991) Environmental effects of sediment on New Zealand streams: a
review. New Zealand Journal of Marine and Freshwater Research 25, 207–221.
Sagar, P. and Eldon, G. (1983) Food and feeding of small fish in the Rakaia River,
New Zealand. New Zealand Journal of Marine and Freshwater Research 17,
213–226.
Sala, O. E., Chapin, F. S., Armesto, J. J., Berlow, E., Bloomfield, J., Dirzo, R.,
Huber-Sanwald, E., Huenneke, L. F., Jackson, R. B., Kinzig, A. et al. (2000)
Global biodiversity scenarios for the year 2100. Science 287, 1770–1774.
Schälchli, U. (1992) The clogging of coarse gravel river beds by fine sediment.
Hydrobiologia 235, 189–197.
Scholes, R. C., Hageman, K. J., Closs, G. P., Stirling, C. H., Reid, M. R.,
Gabrielsson, R. and Augspurger, J. M. (2016) Predictors of pesticide
concentrations in freshwater trout–the role of life history. Environmental
Pollution 219, 253–261.
Scrimgeour, G. J. and Kendall, S. (2003) Effects of livestock grazing on benthic
invertebrates from a native grassland ecosystem. Freshwater Biology 48,
347–362.
Sear, D. A., Frostick, L. B., Rollinson, G. and Lisle, T. E. (2008) Salmonid
spawning habitat in rivers: physical controls, biological responses, and
approaches to remediation, volume 65, chapter The significance and mechanics
of fine sediment infiltration and accumulation in gravel spawning beds., pp.
149–174. American Fisheries Society, Bethesda, USA.
Shaw, E. A. and Richardson, J. S. (2001) Direct and indirect effects of
sediment pulse duration on stream invertebrate assemblages and rainbow trout
98 References
(Oncorhynchus mykiss) growth and survival. Canadian Journal of Fisheries
and Aquatic Sciences 58, 2213–2221.
Shirvell, C. and Dungey, R. (1983) Microhabitats chosen by brown trout for
feeding and spawning in rivers. Transactions of the American Fisheries Society
112, 355–367.
Sierra, M. V. and Gomez, N. (2007) Structural characteristics and oxygen
consumption of the epipelic biofilm in three lowland streams exposed to
different land uses. Water, Air, and Soil Pollution 186, 115–127.
Slaney, P. A., Halsey, T. G. and Tautz, A. F. (1977) Effects of forest harvesting
practices on spawning habitat of stream salmonids in the Centennial Creek
watershed, British Columbia .
Slaney, T. L., Hyatt, K. D., Northcote, T. G. and Fielden, R. J. (1996) Status
of anadromous salmon and trout in British Columbia and Yukon. Fisheries
21, 20–35.
Smith, L. and Monaghan, R. (2003) Nitrogen and phosphorus losses in overland
flow from a cattle-grazed pasture in Southland. New Zealand Journal of
Agricultural Research 46, 225–237.
Soulsby, C., Youngson, A., Moir, H. and Malcolm, I. (2001) Fine sediment
influence on salmonid spawning habitat in a lowland agricultural stream: a
preliminary assessment. Science of The Total Environment 265, 295–307.
Sternecker, K. and Geist, J. (2010) The effects of stream substratum composition
on the emergence of salmonid fry. Ecology of Freshwater Fish 19, 537–544.
Strayer, D. L. (2010) Alien species in fresh waters: ecological effects, interactions
with other stressors, and prospects for the future. Freshwater Biology 55,
152–174.
References 99
Stuart, T. (1953) Spanwise migration, reproduction and young stages of loch
trout. Freshwater and salmon, fisheries research, Scottish Home Department,
Edinburgh, Scotland, Majesty’s Stationary Office .
Suren, A. M. and Jowett, I. G. (2001) Effects of deposited sediment on
invertebrate drift: an experimental study. New Zealand Journal of Marine
and Freshwater Research 35, 725–737.
Susac, G. L. and Jacobs, S. E. (1999) Evaluation of spawning ground surveys
for indexing the abundance of adult winter steelhead in Oregon coastal
basins. Federal aid in sport fish restoration program project contract number:
F-145-R-08. Oregon Department of Fish and Wildlife, Portland, Oregon. .
Sutherland, A. B., Culp, J. M. and Benoy, G. A. (2010) Characterizing deposited
sediment for stream habitat assessment. Limnology and Oceanography:
Methods 8, 30–44.
Suttle, K. B., Power, M. E., Levine, J. M. and McNeely, C. (2004) How fine
sediment in riverbeds impairs growth and survival of juvenile salmonids.
Ecological Applications 14, 969–974.
Tappel, P. D. and Bjornn, T. C. (1983) A new method of relating size of spawning
gravel to salmonid embryo survival. North American Journal of Fisheries
Management 3, 123–135.
Tonina, D. and Buffington, J. M. (2009) Hyporheic exchange in mountain rivers
I: Mechanics and environmental effects. Geography Compass 3, 1063–1086.
Townsend, C. R., Uhlmann, S. S. and Matthaei, C. D. (2008) Individual and
combined responses of stream ecosystems to multiple stressors. Journal of
Applied Ecology 45, 1810–1819.
100 References
Turak, E. and Linke, S. (2011) Freshwater conservation planning: an
introduction. Freshwater Biology 56, 1–5.
Unwin, M. and Larned, S. (2013) Statistical models, indicators and trend
analyses for reporting national-scale river water quality (NEMAR phase 3).
Ministry for the Environment, Wellington, New Zealand .
Valderrama, J. C. (1981) The simultaneous analysis of total nitrogen and total
phosphorus in natural waters. Marine Chemistry 10, 109–122.
Valett, H. M., Morrice, J. A., Dahm, C. N. and Campana, M. E. (1996) Parent
lithology, surface–groundwater exchange, and nitrate retention in headwater
streams. Limnology and Oceanography 41, 333–345.
Visser, R., Dauble, D. D. and Geist, D. R. (2002) Use of aerial photography to
monitor fall Chinook salmon spawning in the Columbia river. Transactions of
the American Fisheries Society 131, 1173–1179.
Vitousek, P. M., Hättenschwiler, S., Olander, L. and Allison, S. (2002) Nitrogen
and nature. AMBIO: A Journal of the Human Environment 31, 97–101.
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